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1. Abstract 
 
During the last 10-15 years interest in mouse behavioural analysis has evolved 
considerably. The driving force is development in molecular biological techniques 
that allow manipulation of the mouse genome by changing the expression of genes. 
Therefore, with some limitations it is possible to study how genes participate in 
regulation of physiological functions and to create models explaining genetic 
contribution to various pathological conditions.  
The first aim of our study was to establish a framework for behavioural 
phenotyping of genetically modified mice. We established comprehensive battery of 
tests for the initial screening of mutant mice. These included tests for exploratory and 
locomotor activity, emotional behaviour, sensory functions, and cognitive 
performance. Our interest was in the behavioural patterns of common background 
strains used for genetic manipulations in mice. Additionally we studied the 
behavioural effect of sex differences, test history, and individual housing. Our 
findings highlight the importance of careful consideration of genetic background for 
analysis of mutant mice. It was evident that some backgrounds may mask or modify 
the behavioural phenotype of mutants and thereby lead to false positive or negative 
findings. Moreover, there is no universal strain that is equally suitable for all tests, 
and using different backgrounds allows one to address possible phenotype modifying 
factors. We discovered that previous experience affected performance in several tasks. 
The most sensitive traits were the exploratory and emotional behaviour, as well as 
motor and nociceptive functions. Therefore, it may be essential to repeat some of the 
tests in naïve animals for assuring the phenotype. Social isolation for a long time 
period had strong effects on exploratory behaviour, but also on learning and memory. 
All experiments revealed significant interactions between strain and environmental 
factors (test history or housing condition) indicating genotype-dependent effects of 
environmental manipulations. 
Several mutant line analyses utilize this information. For example, we studied 
mice overexpressing as well as those lacking extracellular matrix protein heparin-
binding growth-associated molecule (HB-GAM), and mice lacking N-syndecan (a 
receptor for HB-GAM). All mutant mice appeared to be fertile and healthy, without 
any apparent neurological or sensory defects. The lack of HB-GAM and N-syndecan, 
however, significantly reduced the learning capacity of the mice. On the other hand, 
overexpression of HB-GAM resulted in facilitated learning. Moreover, HB-GAM 
knockout mice displayed higher anxiety-like behaviour, whereas anxiety was reduced 
in HB-GAM overexpressing mice. Changes in hippocampal plasticity accompanied 
the behavioural phenotypes. We conclude that HB-GAM and N-syndecan are 
involved in the modulation of synaptic plasticity in hippocampus and play a role in 
regulation of anxiety- and learning-related behaviour. 
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2. Introduction 
 
The laboratory mouse (derived from the common house mouse) has played a 
key role in mammalian genetic and biomedical research for more than 100 years 
(Paigen 2003a; Paigen 2003b). The mouse’s usefulness as a biomedical model, 
however, has been sharply enhanced by recent advances in the ability to 
experimentally modify its genome. Mutant and inbred mice frequently have 
syndromes resembling human inherited diseases because of their similar metabolism 
and internal anatomical likeness to human beings. Moreover, more than 99% of the 
human genes are also found in the mouse genome (Mouse Genome Sequencing 
Consortium 2002). Inbred and mutant mice are universally accepted as the primary 
model for analysing and understanding inherited human disorders (Paigen 1995; 
Paigen 2002; O'Brien and Woychik 2003).  
A notable saying among geneticists is: “Your genetics is only as good as your 
phenotype”. This requires in-depth, standardized, and high-quality phenotyping of 
mutant mice. Many reports, however, of “mutant mice without a phenotype” still exist 
(Crusio 2002). Apart from the trouble of thinking the literal meaning of such 
statement, it is well known that very often abnormalities in physiological or 
biochemical parameters are missed in the first line phenotyping of mice.  
For behavioural studies, the long preferred species was rat, mainly because 
they are easier to handle and they perform complex tasks more readily than mice. 
Furthermore, the surgical interventions and use of live animals with implanted 
cannulaes and electrodes are more feasible in rats. Therefore, it has been claimed that 
the usefulness of mice (especially for behavioural research) can be limited due to their 
small size, poor trainability and aggressiveness (Ellenberger 1993; Abbott 2004). 
Moreover, most of the methods in behavioural neuroscience have been initially 
developed for rats. Therefore, the testing protocols need to be adapted and validated 
for use in mice (Wahlsten et al. 2003b; Kas and Van Ree 2004). The mice, however, 
have a well characterised rich repertoire of species-specific behaviours (Deacon et al. 
2002; Deacon and Rawlins 2005; Whishaw et al. 2001), which can be reliably 
detected in the laboratory environment (Crawley 2000). The inbred mouse strains 
represent fixed unique genotypes that can be repeatedly accessed as homogeneous 
populations. A wide range of responses can be found for any behaviour of interest 
(Crawley et al. 1997), and it is this amazingly diverse behavioural repertoire that has 
made the mouse extremely useful for studies of the genetic basis of variation in 
behaviour.  
At the beginning of 1990's the gene targeting technology turned a new sheet in 
the neurobiological research. With these methods it is possible to inactivate or 
overexpress the genes of interest, thereby achieving the loss-of-function or gain-of-
function models addressing the role of genes and their products during both the 
development and in the mature organism. As this technology is still only available for 
a limited extent in rats, a sudden increased need emerged for proper detection and 
interpretation of the phenotypes (incl. behaviour) resulting from genetic modifications 
in mice. It was soon realized, however, that the behavioural phenotyping of mutant 
mice is prone to several caveats and pitfalls (Gerlai 1996; Crabbe et al. 1999; Gerlai 
2001; Wahlsten 1999). 
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3. Review of the literature 
 
Behavioural genetics is a hybrid of genetics and behavioural science. The 
determination of the phenotype (a measurable characteristic of an individual) is, 
however, a central task in both parental disciplines. Therefore, the identification of the 
genetic basis of behavioural functions requires complex and integrative approaches.  
3.1 Behavioural genetics: genetic approaches 
The methods for revealing the genetic bases of the functions of the organisms 
can be divided to the genotype-driven (reverse genetics) and phenotype-driven 
(forward genetics) approaches. Phenotype-driven methods focus on the specific, 
biomedically important phenotype as the starting point, followed by a search for the 
underlying genes. In contrast, the genotype-driven approaches take advantage of 
current technology to manipulate the genome of organisms by enhancing or 
eliminating gene expression.  
3.1.1 Quantitative trait locus (QTL) mapping  
Most phenotypes or traits that show continuous variation in a population are 
quantitative. Such phenotypes are distinguished from qualitative (Mendelian) traits in 
that the phenotype of individuals within the group is measured numerically. Multiple 
genes contribute to the population variation for a quantitative trait. The genetic basis 
for individual differences is the existence of multiple alleles for the same gene in a 
population. In any individual, each gene has two alleles. In an entire species, however, 
many different alleles exist for every gene. Differing alleles are said to be 
polymorphic because they contain differences in the DNA sequence. Polymorphisms 
are the sources of genetically based individual differences in a population. 
Quantitative traits result from polymorphisms in multiple genes and include both 
normal and abnormal physiological and behavioural traits. By definition, a 
quantitative trait locus is a chromosomal region that contains a gene, or genes, that 
regulate a portion of the genetic variation for a particular phenotype (Wehner et al. 
2001). The goal of QTL mapping is to identify regions of the genome that harbour 
genes relevant to a specified trait. QTL map locations are commonly determined by 
initial screening of mice with specific genetic characteristics, such as recombinant 
inbred strains, the F2 of two inbred strains, or recombinant congenic strains (Flint 
2003). For QTL mapping the phenotype of interest is first chosen, followed by efforts 
to associate the trait with marker genotypes throughout the genome. As a result, many 
QTL-s have been mapped for different behavioural traits and can be searched in the 
public database (Chesler et al. 2004; Wang et al. 2003). Moreover, the ultimate goal 
of the method is to identify the genes underlying polygenic traits and indeed, progress 
has been made in this approach (Korstanje and Paigen 2002).  
3.1.2 Spontaneous single gene mutations 
Single gene spontaneous mutations are the classic substrates of genetics. 
Spontaneous mutations causing phenotypic changes occur during the normal housing 
and breeding of the mice. In fact, various mouse colonies around the world have given 
rise to hundreds of spontaneous mutations. These mutations have proven to be 
valuable models for several pathological conditions in humans (Hatten and Heintz 
2005; Linder and Davisson 2004).   
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3.1.3 Induced mutations  
Mutational analyses of physiological pathways are now being substantially 
accelerated with the use of powerful mutagens (e.g. ethylnitrosourea, ENU), which 
enhance natural mutation rates by a thousand-fold or more. The use of ENU 
mutagenesis represents a powerful and efficient approach to mammalian gene-
function studies (Rathkolb et al. 2000; Balling et al. 2000; Brown and Balling 2001; 
Nolan et al. 2000). Mutagenesis is argued to be a more efficient way than QTL 
mapping to discover the genetic basis of many complex developmental and 
physiological processes (Nadeau and Frankel 2000). QTL analysis and mutagenesis 
should, however, be taken as complementary (rather than competing) methods. Both 
are needed to screen an entire genome for subsets of genes that influence specific 
traits (Belknap et al. 2001). 
3.1.4 Gene expression analysis  
Natural variation and adaptive changes in gene expression contribute to many 
human diseases at the level of disease predisposition, onset, progression, and 
expression, as well as contributing to individual variation in responsiveness to 
treatments. Powerful techniques to begin to elucidate specific genes and cellular 
pathways important to disease onset and expression are microarray expression 
profiling and mRNA differential display (Geschwind 2000; Geschwind 2003; Konradi 
2005). These methods might be thought of as hybrids of genotype- and phenotype-
driven methods. It is possible to investigate differentially expressed genes in inbred 
strains (Sandberg et al. 2000) or the experience-dependent changes in gene expression 
(Koks et al. 2004; Rampon et al. 2000a). 
3.1.5 Genetically defined mouse strains 
Inbred strains are produced by 20 or more consecutive generations of brother-
sister matings. The objective of inbreeding is to reduce the genetic variability 
(animals are isogenic, homozygous at all loci, and the genetic profiles are known). 
Inbred laboratory animals exhibit a high degree of uniformity in physiological traits. 
The development of a number of classical inbred strains from fancy mice occurred 
during the first third of the twentieth century. The origins of most commonly used 
inbred strains are shown on the Figure 1. A link between the mouse fanciers and early 
mouse geneticists was Miss Abbie Lathrop who began, around 1900, to breed mice 
for sale as pets. Her farm was located near to the Bussey Institute directed by William 
Castle of Harvard University. Castle brought the fancy mouse into his laboratory in 
1902 and began a systematic analysis of inheritance and genetic variation in this 
species. The first mating to produce an inbred line was started by Clarence Cook 
Little, a student of Castle, in 1909, and resulted in the DBA strain (carrying mutant 
alleles at three coat color loci – dilute d, brown b, non-agouti a). In 1918, Little 
accepted a position at the Cold Spring Harbor Laboratory and developed the most 
famous early inbred lines including C57BL, C3H, CBA, and BALB/c. Another 
important contribution of Little to mouse genetics was the founding of the Jackson 
Laboratory in Bar Harbor in 1929. Today, The Jackson Laboratory 
(http://www.jax.org/) is the world's largest mammalian genetic research facility. The 
history of the laboratory mouse and mouse genetics is comprehensively reviewed in 
the book by Lee Silver (1995), available online at 
http://www.informatics.jax.org/silver/index.shtml. The listing and characteristics of 
the inbred mouse strains are provided by Michael Festing at 
http://www.informatics.jax.org/external/festing/search_form.cgi.   
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Figure 1. Origins of commonly used inbred strains of mice [adapted from Beck et al. 
(2000)].  
 
 
 
 
 
Commonly used inbred strains of mice 
Proper nomenclature provides information about the specific substrain used 
and its producer, and is critical to investigators to ensure that they obtain the correct 
mouse for their experiments (Linder and Davisson 2004). For a long time, however, 
little attention has been paid to the existence of different substrains.  
Inbred strain nomenclature is a combination of the parent strain and substrain 
designations. Parent strain is designated by a brief symbol made up of upper case 
letters or numbers. Inbred strain names may be rooted in their coat color, origin, or a 
defining characteristic. Substrains are strains of mice that have diverged from their 
parent strain for 20 or more generations, have demonstrated residual heterozygosity 
left over from the time of separation, or carry new mutations. Substrain designations 
are appended to the parent strain symbol following a forward slash. Typically they are 
laboratory codes that identify the institute or laboratory that produces or maintains a 
mouse strain (e.g. J for the Jackson Laboratory; Crl for Charles River Laboratories; 
Hsd for Harlan Sprague Dawley; Ola for Harlan UK; Tac for Taconic Farms; N for 
National Institute of Health etc). The International Laboratory Code Registry is 
maintained by ILAR (Institute for Laboratory Animal Research) and can be searched 
at http://dels.nas.edu/ilar_n/ilarhome/labcode.shtml. In addition, the original breeding 
stocks are the founding breeders for numerous centers around the world. As a 
consequence the description of the substrain should include an additional acronym to 
indicate the breeding stock from which it originates (Wotjak 2003). It is important 
because, for example, it was recently reported that substrain of C57BL/6J mice has a 
deletion of α-synuclein locus (Specht and Schoepfer 2001). Moreover, the one strain 
obtained from different breeders can exhibit significant behavioural differences 
(Owen et al. 1997). 
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129. The crosses made by L.C. Dunn (Columbia University) in 1928 between 
the coat colour stocks from English fanciers and a chinchilla stock from Castle form 
the origins of the 129 mice (Simpson et al. 1997). It has been the most widely used 
strain in the production of targeted mutations due to the availability of several lines of 
embryonic stem cells. The 129 substrains, however, have a very complex and 
confusing history. Major genetic variation occurs within the 129 family, of which at 
least some must be attributed to genetic contamination (Threadgill et al. 1997; 
Simpson et al. 1997). Three major groups of substrains are recognised: parental 
substrains, steel substrains and Ter substrains (Simpson et al. 1997). Thus, in view of 
the widespread use of these mice and since researchers have sometimes referred to 
different substrains simply as 129, it seemed sensible to introduce new nomenclature, 
minimizing misunderstandings (Festing et al. 1999). A letter and a number have been 
introduced in front of the slash that will unequivocally identify each of the substrains. 
The letter is either P, S, T, or X indicating whether it is a "Parental", "Steel", "Ter" 
(i.e. susceptible to teratomas) or a genetically-contaminated "X" substrain. A number 
is used to differentiate between substrains within each grouping (Festing et al. 1999). 
C57BL. The strain was originated by Little in 1921 from the mating of female 
#57 with male #52 from Lathrop's stock. The same cross gave rise to strains C57BL 
(black progeny) and C57BR (brown progeny). C57BL is probably the most widely 
used of all inbred strains. It usually has a good breeding performance, depending on 
substrain, and has been used as the genetic background for a large number of 
congenic strains covering both polymorphic and mutant loci. Four major substrains A, 
GrFa, 6, and 10 appear to be quite similar. Any differences are consistent with what 
might be expected from the accumulation of new mutations and a small amount of 
residual heterozygosity.  
DBA. This was the first inbred strain of mice (see above). In 1929-30 crosses 
were made between substrains, establishing several new substrains, including the 
widely used substrains 1 and 2. Differences between the substrains are too large to be 
accounted for by mutation, and are probably due to substantial residual heterozygosity 
following the crosses between substrains.  
FVB. Outbred N:GP (NIH General Purpose) Swiss mice were established at 
the National Institutes of Health in 1935. In 1966 two strains (HSFS/N and HSFR/N) 
were selected for sensitivity and resistance, respectively, to challenge with histamine 
following pertussis vaccination. In the early 1970s, a group of mice at the eighth 
inbred generation of HSFS/N were found to carry the Fv1b allele for sensitivity to the 
B strain of Friend leukaemia virus. Homozygous mice were then inbred as strain 
FVB, without further selection for histamine sensitivity (Taketo et al. 1991). The 
strain is useful for the production of transgenic mice on a fully inbred genetic 
background. They have a vigorous reproductive performance with large litters; 
fertilized eggs contain large and prominent pronuclei, which facilitate the 
microinjection of DNA. The strain, however, suffers from retinal degeneration and 
has other peculiarities that complicate its use for behavioural studies (Pugh et al. 
2004; Royle et al. 1999; Mineur and Crusio 2002). 
BALB. The BALB/c is popular as a general purpose inbred strain. In 1913, H. 
Bagg (Memorial Hospital, NY) acquired albino stock and inbreeding was started in 
1923 by E.C. McDowell. It is now among the most widely used inbred strains. 
Genetically modified mice 
The molecular biological methods allow generation of mutant mice with 
increased or decreased (to complete lack) production of a gene product. 
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Manipulations that alter gene function include deletions of genes, overexpression of 
wild-type or mutated genes, and gene replacements with mutant alleles.  
The classical method is overexpression achieved by introduction of additional 
copies of a gene to the germline (Rulicke and Hubscher 2000). Different methods 
exist for generating the transgenic lines, but the most popular approach is pronuclear 
microinjection of DNA into a zygote. The transgene is inserted into the genome 
randomly in contrast to the gene targeting where an exact locus is manipulated.  
The gene-targeting technology involves manipulation of the embryonic stem 
(ES) cells in order to delete or inactivate a specific gene (Ledermann 2000). First, the 
targeting construct that recognises the gene of interest should be designed. Two types 
of constructs exist: replacement-type and insertion-type vectors. The vector is inserted 
into the genome of ES cells by electroporation. The ES cells are subsequently 
screened for the insertion of the vector and positive cells are implanted into 
blastocysts or aggregated with morulas. 
Roughly speaking, three outcomes are possible following the manipulations on 
the genome – lethal mutation, detectable phenotypic differences compared to wild 
type animals, or no phenotypic differences when the function of the deleted gene is 
compensated by others. Sophisticated methods have been introduced that should help 
to overcome the problems with perinatal lethality, developmental effects, and 
compensatory changes (Mayford et al. 1997). Conditional mutagenesis allows 
targeting of the genes in a cell- or tissue-specific manner (Tsien et al. 1996). 
Moreover, refined techniques have been developed for switching genes on and off at 
will (Mayford et al. 1996; Mansuy et al. 1998). The clear advantage of these 
methodologies is spatially and temporally restricted control of gene expression. 
Achievement of such specificity is especially important in the brain because of its 
high anatomic complexity and complex interactions between areas having different 
functions. Due to the technical complexity and cost of producing the mice, however, 
these methods have not yet been fully exploited. 
3.2 Common problems in analysis and interpretation 
The appearance of knockout mice in the field of behavioural neuroscience 
(Grant et al. 1992; Silva et al. 1992) was welcomed with great enthusiasm (Barinaga 
1992), but substantial criticism and sceptic views shortly followed (Rose 1995; 
Routtenberg 1996; Routtenberg 1995). It is clear by now, however, that gene targeting 
is a valuable complementary technique for investigation of physiology and pathology 
(Matynia et al. 2002; Gordon and Hen 2004; Tarantino and Bucan 2000; Bedell et al. 
1997; Silva et al. 2001), provided that the potential drawbacks in the study design, 
analysis, and interpretation are taken into account (Gerlai 2001; Lipp and Wolfer 
2003; Wahlsten et al. 2003b). 
3.2.1 Genetic background  
For several technical reasons (size of oocyte, availability of ES cells) certain 
inbred strains (e.g. 129, FVB) are preferred for creating genetically modified mice. 
These strains, however, are often not well suited for behavioural studies (Gerlai 
1996). In order to have a better background, backcrossing is carried out. Most 
typically, the knockout is made in the ES cells from the 129 strain and thereafter 
backcrossed to C57BL/6 (Silva et al. 1997). The issue of genetic background presents 
two problems. The first one concerns the flanking region. Even after substantial 
backcrossing to the strain of choice a part of the chromosome around the targeted 
gene may be carried from the ES-donor strain (Wolfer et al. 2002; Crusio 2004). It 
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might be possible that the flanking region, and not the targeted gene itself, is 
responsible for the observed differences between knockout and wild type mice 
(Bolivar et al. 2001; Kelly et al. 1998). On the other hand, the phenotype of the 
mutant mouse is not only the result of the targeted gene, but it also reflects 
interactions with background genes. Several examples exist of the same mutation 
having a different phenotypical effect, depending on the background strain. Well 
documented examples are the studies on the role of CREB in learning and memory 
(Kogan et al. 1997; Graves et al. 2002; Bourtchuladze et al. 1994; Gass et al. 1998; 
Balschun et al. 2003); the role of the serotonin transporter in anxiety-related 
behaviour (Holmes et al. 2003); the role of the dopamine transporter in regulation of 
locomotor activity and responses to cocaine (Morice et al. 2004); the role of Parkin 
(Perez and Palmiter 2005) and D2 dopamine receptors (Kelly et al. 1998) in possible 
modelling of Parkinson’s disease. Understanding the mechanisms behind background-
dependent changes could advance knowledge and treatment of related disorders and 
phenotypic differences in different backgrounds could allow identification of modifier 
genes (Nadeau 2001). Moreover, these examples highlight the fact that there is no 
‘best’ strain that could be recommended for all behavioural paradigms for all 
mutations (Frankel 1998). Therefore, a good knowledge of mouse behaviour and 
physiology is warranted for proper selection of the background strain and data 
interpretation. 
 
3.2.2 Compensatory mechanisms and secondary phenotypic alterations  
A null mutant (constitutive knockout) mouse may not only lack the product of 
a single gene but may also possess a number of developmental, physiological, or 
behavioural processes that have been altered to compensate for the effect of the null 
mutation (Gerlai 2001; Godecke et al. 1999). Therefore, the phenotypical 
abnormalities attributed to the null mutation could theoretically be a result of 
compensation by other genes (false negative findings) or secondary phenotypical 
alterations (false positive) not directly linked to the function of the gene of interest.   
Compensation may be due to genetic redundancy. Some other, related genes 
or proteins (of the same or even different family) may take over the function of the 
targeted one, to become upregulated and thus compensate for the absence of the 
targeted gene product (Lu et al. 1999; Chen et al. 1995). On the other hand, the 
compensation may not always lead to absence of phenotypical change, but may be the 
cause of observed abnormalities. Pleiotropy is a form of epistatic interaction where 
the gene has a role in several distinct metabolic, developmental or other processes. It 
means that different functions can be affected if the upregulated or deleted gene has a 
pleiotropic effect (Anholt and Mackay 2004; Gorwood 2004).  
 
3.2.3 Environment  
Genes do not absolutely specify behaviours. Environment can have marked 
effects on behavioural, disease-related, and even morphological traits. The phenotype 
is the sum of the effects of genetic and environmental influences and their interaction. 
Environment can be defined very broadly and it is difficult to achieve a full control 
over all environmental factors. The external environment for the laboratory mouse 
consists of the test situation and everything that impinges on the animal outside and 
prior to the test situation. If the environment did not affect the gene expression 
differentially, then the differences between genotypes would be stable across the 
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laboratories (Van der Staay and Steckler 2001). Ample evidence exists, however, in 
which the same mutants show different behavioural profiles when tested in different 
laboratories. This fact has raised a considerable discussion about the standardization 
of behavioural tests and environmental factors (Wurbel 2002; Wurbel 2000; Van der 
Staay and Steckler 2002; Arndt and Surjo 2001; Wahlsten 2001). The most direct 
evidence for the role of environmental effects came from the study by Crabbe et al. 
(1999), where extensive standardisation of the environment in three laboratories still 
resulted in statistically significant interactions between factors strain and laboratory. 
The data, however, were later re-analysed and presented in more detail to clarify the 
possible sources of variation (Wahlsten et al. 2003a). Moreover, similar approaches 
have recently been applied and no significant site effect has been detected (Wolfer et 
al. 2004; Lewejohann et al. 2006). It is still important to stress the importance of 
animal handling and scoring methods, because even the simple test of nociception 
(tail-flick) showed a substantial amount of variation dependent on the experimenter 
(Chesler et al. 2002a; Chesler et al. 2002b). Often the discrepancies, however, arise 
from the different testing protocols and conditions (Crestani et al. 2000). Moreover, 
the same environmental factors can give rise to different responses depending on the 
genotype. For example, amphetamine can be used for induction of conditioned place 
preference in the C57BL/6J mice, whereas the same treatment induces place aversion 
in the DBA/2J mice. However, after 2 weeks of food restriction the place aversion 
was reversed to the conditioned place preference in the DBA mice, whereas the 
C57BL/6J animals were not affected making the two strains now similar for this 
phenotype (Cabib et al. 2000). Therefore, in order to avoid misinterpretations it is 
essential to make all documentation related to the experimental set-up publicly 
available.  
In addition to the laboratory environment attention should be paid to housing 
conditions of the animals (Wurbel 2001). It is clear that the roles of housing 
conditions and husbandry are worthy topics to address and discuss (Olsson and 
Dahlborn 2002). For instance, changes of cage environment can dramatically affect 
the behaviour of mutants (Rampon et al. 2000b; van Dellen et al. 2000; Restivo et al. 
2005). Clear evidence also shows that maternal behaviour and perinatal environment 
have a strong effect on the development of behavioural traits (Crabbe and Phillips 
2003; Francis et al. 2003; Holmes et al. 2005). Last but not least, there is substantial 
room for individual differences within the homozygous population of an inbred strain. 
The individual phenotype of an adult mouse can be influenced by multiple factors, 
including social status, endocrine status, perinatal environmental effects (Lathe 2004). 
3.3 Phenotyping efforts 
Nowadays creating a mutant mouse is a feasible task, but the proper 
phenotyping still presents several problems (Paigen and Eppig 2000; Gerlai 2002b; 
Tecott and Nestler 2004; Moldin et al. 2001). In order to make the data comparison 
between laboratories easier and provide the researchers with consistent and updated 
information about the phenotypic properties of the laboratory mice, several 
approaches exist for central management of phenotyping efforts. It should, however, 
be realized that standardized methods cannot be effectively used without proper in-
house validation. 
Mouse Phenome Database (MPD, www.jax.org/phenome) has been 
developed to serve as a consolidated source of mouse strain characterization data 
(Bogue 2003; Bogue and Grubb 2004; Grubb et al. 2004). Physiological, anatomical 
and behavioural data are being collected and integrated into a common framework for 
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tabulation by strain and sex. The focus is on a set of 40 inbred strains and contains at 
least 500 phenotypic parameters relevant to human health. The strains are divided into 
four groups (A-D) based on diversity, usage and cost. Group A is of highest priority 
and recommended for all projects contributing to MPD. These strains (129S1/SvImJ, 
A/J, BALB/cByJ, C3H/HeJ, C57BL/6J, CAST/EiJ, DBA/2J, FVB/NJ SJL/J, 
SPRET/EiJ) with available genetic and phenotypic information are widely used, 
providing useful data for comparison and validation. In this list there are strains with 
available genomic sequence, strains that are progenitors in transgenesis or 
mutagenesis studies, and strains that are progenitors of recombinant inbred, consomic, 
or congenic strains. They are generally easy to maintain with good reproductive 
performance and they are genetically diverse with inclusion of two wild-derived 
strains (CAST and SPRET).  
EUMORPHIA (www.eumorphia.org) is an integrated research programme 
involving the development of new approaches in phenotyping, mutagenesis, and 
informatics leading to improved characterisation of mouse models for the 
understanding of human physiology and disease (Auwerx et al. 2004). The focus is on 
the development, standardisation, and dissemination of primary and secondary 
phenotyping protocols for all body systems in the mouse. The programme consists of 
21 work packages. Three groups (WP 8 – sensory systems, WP 9 – central/peripheral 
nervous and skeletal muscle system, WP 10 – behaviour and cognition) are closely 
dealing with behavioural methods. The goal of the groups is to define, standardise and 
implement a battery of comprehensive tests. The results are presented as SOPs 
(standard operating procedures) in the frame of screening platform EMPReSS – 
European Mouse Phenotyping Resource for Standardized Screens (Green et al. 2005), 
available at http://www.eumorphia.org/EMPReSS/servlet/EMPReSS.Frameset.  The 
SOPs are categorized according to the experience required and the amount of 
specialized equipment. The strains used for validation of the SOPs are BALB/cByJ, 
C57BL/6J, C3HeB/FeJ, and 129S6/SvPas.  
3.4 Behavioural genetics: behavioural approaches 
The obvious primary reason for creating the mutant mice is to advance our 
understanding of genetic components in the normal physiology of the mammalian 
function. The next step would be to study the role of the genes in pathological 
conditions. Mice provide a reasonably good model system for studying the genetic 
basis of diseases. The conditions of particular interest, however, are usually complex 
syndromes like mood disorders (anxiety, depression, schizophrenia) or learning and 
memory disorders (e.g. Alzheimer's disease). It must be appreciated that the mouse 
cannot represent the whole repertoire of symptoms characteristic of human diseases. 
Furthermore, the complex phenotypes and disorders are most likely determined by 
more than one single gene. Therefore, interpretation of the behavioural phenotypes 
following single gene mutations should be carried out with great caution. With good 
knowledge of mouse physiology and behavioural expressions, however, one could 
detect endophenotypes, the features partially resembling one or another aspect of the 
condition of interest (Leboyer et al. 1998; Tarantino and Bucan 2000). For instance, 
the endophenotypes of schizophrenia that can be identified in mouse models might be 
deficits in olfactory and cognitive functions, impaired sensorimotor gating, and social 
interaction (Tarantino and Bucan 2000). 
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3.4.1 Validation of behavioural tests and models  
The terms ‘model’ and ‘test’ are frequently encountered in the literature 
dealing with methodology in behavioural neuroscience. ‘Model’ implies an attempt to 
imitate a certain condition or disorder, whereas ‘test’ is applied more generally to any 
procedure used to characterize the behaviour. Models are usually based on 
behavioural changes induced in animals by manipulation of their internal or external 
environment. The underlying assumption is that the environmental manipulations are 
analogous to those inducing the pathology in humans. A good model should be 
sensitive (avoiding false negative results) and selective (avoiding false positive 
results).  
Validity of the tests and models is usually described at three levels (Willner 
and Mitchell 2002; Porsolt et al. 1993; Petit-Demouliere et al. 2005; Belzung and 
Griebel 2001). Predictive validity (pharmacological correlation) implies that the 
animal model should be sensitive to clinically effective pharmacological agents. Face 
validity (isomorphism) implies that the behavioural response observed in the animal 
model should be identical to the behavioural and physiological responses observed in 
human. Construct validity (homology and similarity of underlying neurobiological 
mechanisms) relates to the similarity between the theoretical rationale underlying the 
animal model and the human behaviour. This requires that the etiology and biological 
factors underlying behaviour are similar in animals and humans.  
The validities discussed above are mainly to ensure that the animal model 
resembles human conditions. It appears, however, that our anthropomorphically 
driven hopes are often not satisfactory and the behavioural “landscape” of the mouse 
is more complex (Wahlsten et al. 2003b). Moreover, most of the behavioural tests 
have first been designed for rats and later adapted for mice. The assumption is that 
mice and rats are closely related and share similar biological tendencies. Important 
differences, however, exist between the two species – the mouse is not a little rat 
(Frick et al. 2000b; Whishaw et al. 2001; Whishaw and Tomie 1996; Whishaw 1995). 
The differences likely occur because the mouse is adapted for a different ecological 
niche than the rat. Though the general patterns are similar in both species, mouse 
behaviour is shown to be simpler and more dependent upon elementary actions than 
rat behaviour. Such differences are evident in social, sexual, aggressive and defensive 
behaviour, and also in motor and spatial behaviour (Whishaw et al. 2001).  
Recently the ethological validity of the tests has been questioned (Gerlai and 
Clayton 1999; Olsson et al. 2003). The ethological validation should take into account 
the animal’s natural habits and species-specific behavioural characteristics. For 
instance, the rats that inhabit wetlands, perform better than mice in the water maze, 
but similar performance in the two species is observed in dry land radial maze 
(Whishaw and Tomie 1996). Furthermore, the salience of test stimuli and stimulus-
response compatibility should be carefully considered. This is based on the biological 
preparedness – animals are innately preprogrammed to see certain cues and responses 
as naturally fitting together. The best demonstrations of biological preparedness, 
however, are those made in the laboratory (Whishaw et al. 2001; Gerlai and Clayton 
1999). 
3.4.2 Setting up the test battery  
Special attention should be paid to the design of the test battery – tests applied, 
sequence of the tests, and intervals between the tests. By now, it is generally accepted 
that the analysis of newly generated mutant mouse should follow a hierarchical 
strategy (Figure 2), starting with simple tests of general arousal and sensory abilities 
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followed by complex emotional and cognitive tasks (Crawley et al. 1997; Crawley 
and Paylor 1997; Crawley 1999; Gold 1999). In 1968 Irwin described a screen for 
assessing the behavioural and physiological state of the mouse (Irwin 1968). This 
protocol was adopted as a cornerstone for the development of modern test batteries 
for behavioural phenotyping (Rogers et al. 1997; Rogers et al. 1999).  
 
Figure 2. Hierarchical strategy for the assessment of behavioural phenotype. 
 
 
 
 
In general, two approaches can be distinguished in the design of test batteries. 
One way is to use a high-throughput battery of tests that are easy and fast to perform, 
but still reveal substantial information about the main behavioural categories of the 
mouse. This is especially needed for screening of the mutants from the large-scale 
mutagenesis programs (Nolan et al. 2000; Rogers et al. 1997) and screening of new 
therapeutics in pharmacology (Brunner et al. 2002). The high-throughput analysis, 
however, also has clear limitations and drawbacks. Crabbe and Morris (2004) argue 
that it is sometimes better to use a single, well-chosen, reliable, and well-validated test 
rather than multiple tests of less clear relevance to the question at hand. On the other 
hand, they agreed that multiple tests clearly have their place in helping to ensure both 
validity and reliability of models. It is suggested to perform at least two to three well-
validated tests from each behavioural category (Crawley and Paylor 1997; Crawley 
1999). 
3.4.3 Testing emotional behaviour in mice  
Depression and anxiety disorders represent some of the most common and 
proliferating health problems worldwide. A better understanding of the 
pathophysiology of these disorders and the development of novel, improved 
therapeutic treatments would fill a considerable unmet medical need. The 
classification of mood and anxiety disorders in humans is based on identification of 
variety of symptoms (American Psychiatric Association 2000) and therefore, 
modelling of these conditions in rodents requires cautious interpretation of clearly 
defined endophenotypes and behavioural end-points (Gould and Gottesman 2006; 
Leboyer et al. 1998). 
Anxiety-like behaviour. Anxiety is a common emotional experience in 
humans. It can be described by psychological symptoms (e.g. worry, restlessness, 
fear) and physiological symptoms (e.g. sweating, elevated heart rate, trembling). In 
fact, though there is a close correspondence, it is important to distinguish between 
anxiety and fear. Fear is the response to a specific, stimulus-linked threat or a 
defensive response to the actual presence of a threat, whereas anxiety is a defensive 
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response to the potential, ambiguous presence of threat (Davis 1998). It means that 
fear is linked to specific stimuli and anxiety is more generally linked to situations or 
environments. Normal anxiety is thought to affect adaptive responses to psychosocial 
and physiological stressors, whereas excessive levels of anxiety may cause distress 
and suffering, and in more severe cases manifest as anxiety disorders (American 
Psychiatric Association 2000). In fact, it has been possible to dissociate ‘fear’ and 
‘anxiety’ behaviour (Blanchard et al. 2003) and their neural substrates (Davis and Shi 
1999) in rodents. The concept of ‘state’ and ‘trait’ anxiety has been proposed to 
differentiate the forms of anxiety (Figure 3; Lister 1990; Endler and Kocovski 2001). 
The ‘state’ anxiety is experienced at a particular moment of time and it is increased by 
the presence of an anxiogenic stimulus. In contrast, ‘trait’ anxiety does not vary from 
moment to moment and is considered to be an enduring feature of an individual. 
 
Figure 3. Two types of anxiety and examples of experimental models to measure 
anxiety in rodents. “State” models are used in the characterization of anxious behaviour in 
“trait” models. 
 
 
 
 
The methods for testing anxiety-like behaviour in laboratory rodents can be 
divided into two categories (Figure 3) – conditioned and unconditioned (ethological) 
tests. The conditioned tests, as the name already suggests, involve pairing of two 
stimuli, so that initially neutral (unconditioned) stimulus will eventually elicit a 
behavioural response. This is achieved by temporal pairing of unconditioned stimulus 
(e.g. light, noise) with conditioned aversive stimuli (e.g. electrical shock). These tests 
require training and depend on memory. The classical methods in the category of 
conditioned tests are Geller-Seifter paradigm and Vogel conflict task. The Geller-
Seifter conflict was in widespread use in the 1960s and 1970s. The main disadvantage 
of this method is the long training period (months rather than weeks) and therefore it 
has been gradually replaced by other methods. In contrast, the Vogel conflict test has 
been successfully applied in mice (van Gaalen and Steckler 2000). This procedure 
uses a simple conflict situation in which thirsty animals are periodically administered 
shocks for licking water.   
The other category of tests is called ethological. These tests rely on natural 
stimuli that possibly induce fear or anxiety in animals and they are based on 
exploratory activity. Most of the methods in this category are approach-avoidance 
conflict tests, meaning that animals have the possibility to stay in safe areas of the 
equipment or to move to more dangerous (e.g. open space, bright illumination) places. 
The balance between fear to the novel places and curiosity towards novelty 
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determines how the animal will behave in such situations. Simultaneous measurement 
of behavioural and autonomic parameters (e.g. body temperature, heart rate) under 
stressful conditions could, however, considerably contribute to a better interpretation 
of anxiety and stress levels in mice (van Bogaert et al. 2006; Groenink et al. 2003).  
Exploration refers to the behavioural expressions that are triggered by novelty. 
Exploration permits the animal to gain information about a novel environment, which 
may have an adaptive value because it allows an optimisation of foraging and escape 
from predators. On the other hand, it has been proposed that the incentive response to 
novelty impinges on the same neural substrates responsible for reward (Bardo et al. 
1996). Exploration-related responses include a large number of behavioural items 
such as scanning, sniffing, walking, rearing, leaning, jumping, digging, and dragging 
objects (Belzung 1999). The expression of these behaviours depends on the 
experimental paradigms employed. It is often difficult, however, to assess an animal’s 
exploratory behaviour independent of other behaviours such as locomotion. In 
addition, exploratory activity is affected by several crucial factors, arena size, 
illumination level, presence of attractive or aversive stimuli, free or forced access to 
novelty, etc. (Belzung 1999). 
Open field is the most frequently used test for assessing general appearance 
and exploratory activity in rats and mice. The test, originally described by Hall (1934) 
for the study of emotionality in rats, consists of the measurement of behaviours 
elicited by placing a rodent in a novel arena surrounded by a wall. By now, it is one of 
the most popular tests in animal psychology. The shorter tests combined with a higher 
degree of aversion (larger area, brighter illumination) reflect more emotional 
behaviour, whereas longer tests in less aversive situations are useful for estimating 
general or spontaneous locomotor activity. The main parameter, usually recorded in 
the open field, is horizontal distance travelled (measured by direct observation, e.g. by 
counting the number of line-crossings, or automated detection of infrared beam 
disruptions). An anxiety-like response is usually addressed by comparison of central 
and peripheral activity. The mice have a strong tendency to stay close to the wall of 
the maze, as the wall offers protection and can be sensed by whiskers and 
mechanoreceptors. Moving along the wall is called thigmotaxis. The ratio of time and 
activity in the periphery and center of the open field gives an estimate of anxiety-like 
behaviour. The test can be even more informative, however, if additional parameters 
are noted. Rearing (vertical activity) is an important component of exploratory 
behaviour. The number of faecal pellets left in the arena can be interpreted as an 
indicator of emotionality and it often correlates with other measures of anxiety-like 
behaviour.  
Grooming (a behaviour directed to the outer body surface) is another specific 
behaviour that can be observed in the novel arenas. In rodents, grooming is elicited by 
social contact, exploratory behaviour, novelty and other stressors. No clear correlation 
has been found, however, between grooming and indications of anxiety. It seems that 
grooming coincides more with the period after arousal and reflects the process of 
dearousal due to the termination of or habituation to a stressful situation rather than 
enhanced fear. Presumably, anxiolytic drugs reduce novelty-induced grooming by 
reducing the intensity of the perception of anxiogenic stimuli (Spruijt et al. 1992). 
Extended time of testing can reveal the habituation to the test system, i.e. 
decrease of activity over time. The habituation response can also be detected by 
testing the subjects repeatedly during several subsequent days (Bolivar et al. 2000). In 
this way open field can be used as a device for addressing a simple form of memory.  
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Y-maze is another test frequently used for assessment of exploratory 
behaviour. In addition to activity (arm entries, rearings) this maze offers the 
possibility to measure continuous spontaneous alternation behaviour. Alternation is 
determined from successive entries of the three arms on overlapping triplet sets in 
which three different arms are entered. Thereafter the number of alternations is 
divided by the number of alternation opportunities (total entries minus one). The test 
is based on the rodents’ natural tendency to enter the least visited area and is 
suggested to measure both spatial and working memory (Lalonde 2002; Hughes 
2004). The main difference between the protocols is whether the arm choice is free or 
forced.  
Elevated plus-maze is one of the most popular methods used in the field for 
detecting the anxiety-related phenotypes in rats and mice (Handley and Mithani 1984; 
Lister 1987; Carobrez and Bertoglio 2005; Pellow et al. 1985). Briefly, the cross-
shaped maze consists of four arms that are interconnected by a central platform. Two 
opposing arms are surrounded by side- and end-walls (closed arms), whereas the 
remaining two arms are unprotected (open arms). The animal is usually placed on the 
central platform and observed for 5-10 minutes. As with other behavioural tests, 
however, a significant degree of variation exists in the composition of the apparatus 
and testing protocols. The elevated plus-maze test is extremely sensitive to different 
environmental and procedural manipulations (Carobrez and Bertoglio 2005). The 
parameters recorded during the plus-maze exposure can be divided to conventional 
(spatiotemporal) and ethological (Rodgers et al. 1997; Rodgers and Johnson 1995; 
Rodgers and Dalvi 1997). Conventional parameters include the number of entries into 
different parts of the maze as well as time spent in respective parts (open, closed, 
center). Ethological parameters are related to exploration (head-dips over the edge) 
and risk assessment (stretched attend postures, sniffing). The plus-maze combines 
three potential anxiogenic factors – novelty, height and open space. It was shown in 
rats that the open space, rather than height or novelty, is the anxiogenic stimulus 
(Treit et al. 1993). Moreover, from the survey of laboratories using the plus-maze test 
it appears that there exists considerable variation in construction of the maze and 
scoring protocols (Hogg 1996).  The behaviour in the plus-maze can be affected by 
social isolation (Rodgers and Cole 1993; Ferrari et al. 1998), prior experience 
(Andrews and File 1993; Holmes and Rodgers 1998; Rodgers and Shepherd 1993), 
arm width and brightness (Lamberty and Gower 1996), open arm ledges (Fernandes 
and File 1996), closed arm transparency (Hagenbuch et al. 2006), and manipulations 
of the animals (Lapin 1995).  
Light-dark exploration test is one of the few tests specifically designed for use 
in mice (Crawley and Goodwin 1980). The model has been extensively validated 
(Costall et al. 1989). The original maze was divided into two parts, 1/3 with opaque 
walls and a cover (dark compartment) whereas the remaining 2/3 was open and 
illuminated (light compartment). The door between the two compartments permitted 
mice to move from one side to another. As with the plus-maze, however, several 
modifications of the test have been introduced (Bourin and Hascoet 2003; Hascoet et 
al. 2001). The mouse is usually released in the light compartment and observed for 5-
10 minutes. During that time the following measures are taken: latency of first 
movement to the dark compartment, number of transitions, time in light and dark 
compartment, movements in light and dark, and number of rearings. The test would 
yield more information if the additional, active and passive defensive behaviours 
(freezing, thigmotaxis, risk assessment) are scored (Rodgers 1997), however.  
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In addition to the models listed above various test situations have been applied 
for characterising the exploratory activity and anxiety-like behaviour in mice. These 
models include the zero-maze (Shepherd et al. 1994), staircase (Simiand et al. 1984), 
free exploration test (Griebel et al. 1993), hole-board (File and Wardill 1975), 
mirrored chamber (Toubas et al. 1990), novelty-suppressed feeding (Merali et al. 
2003), defence test batteries (Blanchard et al. 2003), and social interaction (File and 
Seth 2003).  
The inbred strains show significant differences regarding their anxiety-related 
behaviour (Yilmazer-Hanke et al. 2003; Cook et al. 2001; Griebel et al. 2000; Trullas 
and Skolnick 1993; van Gaalen and Steckler 2000; Rodgers et al. 2002; Bouwknecht 
and Paylor 2002; Kim et al. 2002). The B6 mice exhibit low levels of anxiety, 
whereas 129 mice exhibit high anxiety and low activity. The BALB/c mice have been 
suggested to model trait anxiety, based on their strong neophobia in the free-
exploratory paradigm (Griebel et al. 1993). 
Stress and depression. Due to the complex psychological symptomatology in 
humans modelling depression in rodents is a challenging task. In fact, this pathology 
cannot be recapitulated in the mouse. What can be assayed in mice are specific, 
measurable behaviours (endophenotypes) that appear to have relevance to human 
depression. Depression is often viewed as a manifestation of an inability to cope with 
stress (Kessler 1997). Therefore, for modelling the animals are faced with aversive 
and stressful situation that induce recognizable behavioural changes.  
Forced swim test is a method to estimate behavioural despair in the stressful 
and inescapable situation. Porsolt et al. (1977a; 1977b) observed that rats or mice, 
when forced to swim in a restricted space from which there was no escape, rapidly 
adopted a characteristic immobile posture and made no further attempts to escape 
apart from the movements necessary to keep their heads above water. They suggested 
that the immobility might reflect “the state of lowered mood” in which the animals 
had given up hope of finding an exit and had resigned themselves to the experimental 
situation (Porsolt et al. 1993). Although this point of view has been criticized by 
numerous authors (Borsini and Meli 1988; Borsini et al. 1986; West 1990), the fact 
remains that the immobility induced by forced swimming (‘behavioural despair’) is 
attenuated by a wide variety of antidepressants and the test is probably the most 
widely and frequently used to monitor despair-like behaviour in mice (Cryan and 
Mombereau 2004; Cryan et al. 2002). It should be emphasized, however, that 
significant strain differences exist in the baseline immobility (Alcaro et al. 2002; 
Lucki et al. 2001) and in the sensitivity to antidepressants (David et al. 2003; Lucki et 
al. 2001). Originally only the passive behaviour (floating) was scored. It has been 
noted, however, that additional scoring of active behaviours (swimming and climbing) 
provides a more sensitive model. Furthermore, as the scoring of immobility is highly 
observer-dependent, the video-tracking systems have been applied for automatic 
detection of immobility (Crowley et al. 2004; Spink et al. 2001). 
A related but not synonymous task is the tail suspension test, in which mice 
hung upside-down by their tail exhibit passive immobility after minutes of intensive 
struggling (Steru et al. 1985). The idea of stressor uncontrollability and passive versus 
active coping responses to stress provides the conceptual basis of several other rodent 
tests for depression (e.g. learned helplessness).  
Yet another model based on exposure to repeated but unpredictable stressors is 
the chronic mild stress model [CMS, reviewed by Willner (1997)]. In this model, the 
animals are exposed sequentially, over a period of weeks, to a variety of mild 
stressors (e.g. overnight illumination, periods of food and/or water deprivation, cage 
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tilt, wet bedding, change of cage-mates). The most commonly used measurement for 
the effectiveness of the procedure is a decrease in consumption of a palatable sweet 
solution. Generalised decrease in responsiveness to rewards is comparable to 
anhedonia. In addition, the physical status in mice is characterised by measurement of 
weight gain and coat condition (animals subjected to chronic stress display grooming 
deficits). The CMS paradigm seems to have high validity as a model of depression. So 
far, however, very few studies have employed the mice as test subjects. Moreover, the 
reliability and reproducibility of the test in rats has been questioned. Therefore, the 
CMS paradigm is appealing, but clearly requires further validation in mice (Cryan and 
Mombereau 2004).   
3.4.4 Sensory functions, nociception, motor coordination 
For proper interaction with environment one needs adequate sensory input 
from the surrounding environment and a functional motor system to exhibit reactions. 
Therefore, it is crucial to assess the sensory and motor abilities of the mice. However, 
the impact of the laboratory environment on the animal’s senses and the consequences 
for behaviour and welfare have not been sufficiently considered (Olsson et al. 2003). 
Moreover, the mice have been used mainly as models for humans, but it is evident 
that prioritisation and acuity of the senses (vision, hearing, olfaction, taste, and touch) 
differ between the two species.  
Vision. Many behavioural tests (mazes, discrimination tasks, spatial learning) 
are dependent on vision. Despite being a nocturnal species mice have a good vision, 
although this sense is perhaps less important than some others. The mice tend to avoid 
brightly lit areas. Therefore, the illumination of the arenas and the circadian phase of 
testing (Hossain et al. 2004; Kelliher et al. 2000) may have a crucial impact on 
behaviour. It seems, however, that in the extensive discussion about standardization of 
the environments and protocols this aspect is less addressed. Simple tests can be used 
for gross evaluation of visual ability. The pupillary reflex (pupil constriction) occurs 
immediately when a beam of light is directed at the eye. The visual cliff apparatus 
evaluates the ability of the mouse to see the drop-off at the edge of a horizontal 
surface. Mice with impaired vision are shown to be impaired in the visible platform 
version of the Morris water maze (Owen et al. 1997). More refined techniques for 
assessment of visual function are measurement of optokinetic nystagmus or 
optomotor response (Pinto and Enroth-Cugell 2000; Abdeljalil et al. 2005) and 
electrophysiological tests of retinal function (e.g. the visual evoked potential). The 
albino strains can be more sensitive to the bright light and have reduced visual acuity 
(Wong and Brown 2006; Chapillon and Debouzie 2000). Several inbred strains have 
reduced vision due to the mutations that lead to retinal degeneration (Chang et al. 
2002).  
Hearing. Mice can hear over a broad spectrum of frequencies (80 Hz – 100 
kHz), but are most sensitive in the 15-20 kHz range and around 50 kHz. This means 
that they can hear well above the frequency of human hearing sensitivity, i.e. 
ultrasound. Mice are more sensitive than humans to sudden bursts of noises and they 
find sound pressure levels aversive at an intensity 20 dB less than humans. Several 
mouse strains (incl. DBA, C57, BALB/c) are prone to development of audiogenic 
seizures (Ross and Coleman 2000). The acoustic startle test provides a good measure 
of gross hearing ability and of the auditory threshold. Acoustic startle is a reflex 
where a sudden noise causes the subject to flinch (Koch 1999). In the mice, the 
amplitude of whole body flinch is measured. In addition, electrophysiological 
recording of the auditory-evoked brainstem responses has been proven to be the most 
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sensitive measure of auditory threshold (Erway et al. 1993). Several inbred mouse 
strains (incl. C57BL/6 and DBA/2) exhibit age-related hearing loss (Willott et al. 
2003; Willott et al. 1998; Willott et al. 1994; Willott and Bross 1996).  
Olfaction. Detection of smells can be measured by simple tests in which the 
mouse locates a hidden object by scent. Another approach is to quantitate the time 
spent sniffing an attractive, novel odor. More ethologically based screens have been 
proposed (Ferkin and Li 2005) and marked differences in olfactory sensitivity and 
discrimination between inbred strains have been shown (Lee et al. 2003). Moreover, 
olfaction is an important sense with regard to the ethological anxiety tests based on 
the predator-derived odors (Apfelbach et al. 2005). 
Taste. Gustatory preferences and variations in mice can be detected by 
different choice tests (Kotlus and Blizard 1998; Tordoff and Bachmanov 2003b; 
Tordoff and Bachmanov 2003a; Bachmanov et al. 2002a; Bachmanov et al. 2002b; 
Tordoff and Bachmanov 2002; Bachmanov et al. 2001).  
Touch. The ability to respond to tactile stimuli can be measured by simple 
reflexes (whisker-orienting reflex, ear twitch reflex, touch-escape) or by testing 
mechanical sensitivity with von Frey hairs (Mogil et al. 2001)  
Nociception. There are many different assays of nociception depending on the 
stimulus applied (thermal, mechanical, chemical) or the course of application (acute, 
chronic) (Mogil et al. 2001; Bennett 2001). The most common stimulus used for pain 
research is acute thermal stimulation. In the tail-withdrawal (tail-immersion) test the 
mouse is slightly restrained and the tail is immersed in the hot water (46-52 ºC). The 
latency to remove the tail from the water is measured. In the hot-plate test the mouse 
is placed on a horizontal, metal surface heated to 50-56 ºC and confined there by 
Plexiglas walls. The latency to lick or shake the hind paw is measured and taken as an 
indicator of pain. The behaviour in the hot-plate test is much more complex (Espejo 
and Mir 1993) and rough distinction is made that the tail-withdrawal is spinally 
mediated whereas the response in the hot-plate test is supraspinally regulated. 
Comprehensive characterisation of inbred mouse strains in different measures of 
nociception has been completed (Mogil et al. 1999). It appeared that the 129 strain is 
resistant to nociception and sensitive to antinociception, whereas the C57BL/6 strain 
is sensitive to nociception and highly resistant to antinociception. Mogil et al. (2001) 
have argued that C57BL/6 is the worst possible choice of genetic background on 
which to place the mutations, if the mice are to be tested for nociceptive sensitivity, 
because they are clear outliers in a number of pain-related traits. A better choice 
would be the DBA/2 strain which has been found to be an average responder on a 
wide variety of pain-related traits (Mogil et al. 1999).  
Motor coordination. It is possible to identify the problems with coordination 
and balance in mice already by observation of the gait or testing some simple reflexes 
(visual placing, righting reflex). In addition, there are many specific ways to measure 
coordination ability and motor learning in mice (Lalonde and Strazielle 1999). The 
principal measure in all these tests is the amount of time spent on the apparatus before 
falling. The tests can differ in demands on the mice. Some tests require immobility in 
order to prevent a fall (e.g. unsteady platform) whereas other tests require adjustment 
of body posture as a function of a moving surface (rotarod, treadmill). Tests also 
exist, where animals are free to move (stationary beam, coat hanger, inclined grid) 
and the response depends on the motor abilities. Therefore, if the coordination is the 
main behavioural domain for examination, several tests should be chosen to capture 
the different aspects of the domain (Crabbe et al. 2005). The rotarod is the most 
commonly used task for evaluation of motor incoordination. The task was introduced 
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by Dunham and Miya (1957) to test neurological deficits in mice and rats with fixed-
speed version of rotarod. Later, Jones and Roberts (1968) developed another version 
of the task where the rotation rate of the rod was accelerated over the course of the 
test session. According to them, the development of the new version eliminated the 
need for extensive training or the introduction of a maximal time limit for 
performance. Although the test seems simple, it is influenced by several parameters 
that might seriously affect the data (Rustay et al. 2003; Watzman et al. 1967).  
3.4.5 Learning and memory 
Memory is usually thought of as the ability to recollect past events and to 
bring learned facts and ideas back to mind. Past happenings may be re-experienced 
consciously, but they can also affect behaviour in the absence of such conscious 
awareness. The mental activities of learning and memory clearly have their neural 
counterparts in brain activities, and a full understanding of memory and related 
functions must therefore involve an understanding of the brain mechanisms of 
acquisition, storage, and retrieval. Learning is an adaptive change in behaviour caused 
by experience. During the process of learning an individual acquires information from 
the environment that is encoded and consolidated by the respective brain systems. 
Memory is generally defined as a storage and recall of previous experience.  
A now widely held view in neuroscience is that there are multiple types of 
memory. These differ with respect to their psychological characteristics, the 
anatomical circuits involved, and the underlying neural mechanisms of encoding, 
storage, consolidation, and retrieval (Squire et al. 1993; Tulving and Schacter 1990). 
Various taxonomic frameworks have been proposed. These distinctions include 
episodic and semantic memory (Tulving 1983), taxon and locale memory (O'Keefe 
and Nadel 1978), habit and cognitive memory (Mishkin and Petri, 1984), working and 
long-term memory (Baddeley 1992), working and reference memory (Olton et al. 
1979), implicit and explicit memory (Graf and Schacter 1985), declarative and 
nondeclarative (Squire 1992), or relational and procedural memory (Cohen and 
Eichenbaum 1993). Declarative (explicit) memory is expressed through conscious 
recollection and encompasses both semantic (fact) and episodic (event) memory. The 
most important brain systems involved are medial temporal lobe (encoding) and 
neocortex (storage). Nondeclarative (implicit, procedural) memory, on the other hand, 
is expressed through behavioural or perceptual performance. This can be further 
divided into associative and non-associative forms of memory. Classical (Pavlovian) 
conditioning is probably the best studied example of associative memory (Pearce and 
Bouton 2001; Rescorla 1988; Wasserman and Miller 1997). Non-associative forms 
are procedural memory (for skills and habits), habituation and sensitization. 
Habituation, sensitization, and classical conditioning are phylogenetically ancient and 
well developed forms of memory, already observed in invertebrates that do not have a 
medial temporal lobe or hippocampus. This complex classification implies that 
different kinds of memory should be tested in specifically designed models. 
Synaptic plasticity 
Communication between the neurons occurs largely at synapses. The 
components of a generic synapse are the presynaptic and postsynaptic membranes and 
the synaptic cleft. Communication between the pre- and postsynaptic membranes 
occurs across the synaptic cleft and is mediated by neurotransmitters. The 
neurotransmitter is synthesized in the presynaptic cell and released in response to 
excitation. The neurotransmitter diffuses across the synaptic cleft, where it binds to 
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the specific receptors on the postsynaptic cell. The efficacy of synaptic transmission 
can vary in an activity-dependent manner. This phenomenon is known as synaptic 
plasticity and exists in different forms. Transient increase in synaptic transmission is 
called short-term potentiation. The alterations in synaptic efficacy can, however, last 
for hours, days, or months. Such persistent enhancement of synaptic strength is 
known as long-term potentiation (LTP), discovered by Bliss and Lomo (1973). Since 
that LTP is best studied in the hippocampus. The fact that hippocampus is critically 
involved in human declarative and rodent spatial memory has motivated the scientists 
to consider LTP as a molecular and cellular mechanism of memory. Indeed, LTP 
exhibits several properties (associativity, input specificity, persistence) that are highly 
suggestive of a role in information encoding and storage (Bliss and Collingridge 
1993). It should, however, be accepted that memory is a property of the entire 
organism whereas plasticity is a property of synapses. Moreover, the properties of 
these synapses have been mainly studied in the slice preparation and not in the 
behaving animals. The synaptic plasticity and memory hypothesis was recently 
proposed to be formulated as follows – activity-dependent synaptic plasticity is 
induced at appropriate synapses during memory formation, and is both necessary and 
sufficient for the information storage underlying the type of memory mediated by the 
brain area in which that plasticity is observed (Martin et al. 2000; Martin and Morris 
2002). 
The causal relationship between LTP and memory is still open (Shors and 
Matzel 1997; Sanes and Lichtman 1999; Gerlai 2002a; Holscher 1997; Richter-Levin 
and Yaniv 2001). It is clear, however, that hippocampal LTP does not equal 
hippocampal memory (Stevens 1998; Sweatt 2003). Moreover, precise molecular and 
cellular mechanisms of LTP appear to be rather difficult to solve (Lisman et al. 2003; 
Sanes and Lichtman 1999). When searching for the connections between synaptic 
plasticity and memory it should be borne in mind that in addition to different forms of 
memory there are also different forms of activity-dependent potentiation of synaptic 
efficacy (e.g. NMDA-dependent and –independent) that can be recorded in different 
brain structures and circuits (e.g. dentate gyrus, pyramidal cells of CA1 and CA3 
regions, amygdala). After all, LTP still possesses prominent properties to be viewed 
and discussed as a critical component of the complicated process of memory 
formation (Sweatt 2003).  
Testing learning and memory 
As mentioned above, different forms of memory cannot be addressed by a 
single test. Classification of procedures for assessment of memory in rodents 
according to the different forms of memory is provided in the Figure 4. Most 
important for the design of memory tests is to identify which representational 
strategies guide the animal’s behaviour. The classical way to identify underlying brain 
structures and mechanisms for learning has been an approach in which brain lesions 
are followed by dissociation studies (Eichenbaum and Cohen 2001). 
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Figure 4. Classification of procedures to assess memory in rodents.  
 
 
 
 
 
The hippocampus is a central brain structure required for declarative memory 
in humans (Squire and Zola-Morgan 1991). Impairment of declarative memory is a 
specific symptom in Alzheimer’s disease and several other forms of dementia. In 
addition, the hippocampus participates critically in encoding spatial information 
(Morris et al. 1982; O'Keefe and Dostrovsky 1971). However, the role of the 
hippocampus in rodents is not limited just to the spatial memory (Bunsey and 
Eichenbaum 1996; Eichenbaum 1996; Dusek and Eichenbaum 1997; Eichenbaum et 
al. 1999). Moreover, the episodic memory is believed to be a special feature for 
human beings (Tulving 2001; Tulving 2002), but recent studies show that rodents 
could exhibit at least episodic-like memory that depends on intact hippocampus (Day 
et al. 2003; Dere et al. 2005b; Dere et al. 2005a; Morris 2001). Therefore, many tests 
have been developed to assess hippocampus-dependent memory (either spatial or non-
spatial) in rats and mice. It is necessary, however, to keep in mind that the 
hippocampus-dependent and -independent memory systems are not exclusive (Toates 
1998) and it participates in the regulation of other cognitive and sensorimotor 
processes as well (Bannerman et al. 2004; Bast and Feldon 2003).  
Water maze. One of the most popular tests measuring spatial hippocampus-
dependent memory is the Morris water maze (Morris 1984; Morris 1981; Stewart and 
Morris 1993). The method has been extensively reviewed by Brandeis et al. (1989) 
and D'Hooge and De Deyn (2001). A circular pool is filled with water and positioned 
in a room with a sufficient amount of external cues visible to the swimming animal. 
During training, the animals are repeatedly placed into the tank and must learn to 
escape by swimming to a platform hidden beneath the surface of the water. The task 
relies on the motivation of animals to escape from water and to climb onto the 
platform as quickly as possible – escape from water serves as a positive reinforcement 
for this task. As there are no proximal cues the animal should navigate to the platform 
using information about the platform’s location within the spatial configuration of 
distal cues (mapping or spatial strategy). The task, however, also has another 
component. Before switching to the spatial strategy the animal has to learn the 
specific, procedural requirements of the task (i.e. there is a platform available, the 
spatial cues are relevant, swimming is required to reach the platform). After training, 
a probe trial (memory transfer test) is carried out. The platform is removed and the 
animal can swim for a certain time in the pool. The path is tracked and analysed for 
the proportion of the time spent swimming in different areas of the pool (e.g the pool 
can be divided into four quadrants, or more restricted zones can be created 
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corresponding to the platform locations). Hans-Peter Lipp and David Wolfer have 
analysed the tracks of several thousands of mice in the water maze (Lipp and Wolfer 
1998; Wolfer and Lipp 2000; Wolfer et al. 1998). It appears that a substantial amount 
(> 50%) of behavioural variation in the water maze can be attributed to thigmotaxis. 
Thigmotaxis means swimming along the wall and is usually characteristic for the first 
training trials. When the animals learn the basic requirements of the task, however, 
they switch to other strategies. Random searching leads to a focused search that 
results in spatial navigation. Alternatively, animals can continue thigmotactic 
swimming or switch to passive floating (Wolfer and Lipp 2000). Switching from one 
strategy to another requires flexibility. Hippocampal malfunction in mice is often 
reflected in “noncognitive” functions of the hippocampus and expressed as impaired 
flexibility (Vyssotski et al. 2002). Flexibility can be further assessed by reversal 
learning in which the location of the hidden platform is changed, but landmarks 
remain the same. 
Non-spatial learning (platform marked with a local, visible cue) in the water 
maze is studied for assessment of the motivational and visual abilities. The methods 
have also been developed for assessment of working (Stewart and Morris 1993) and 
episodic-like memory (Chen et al. 2000) in the water maze.  
Among the other available mazes for assessment of spatial learning, the radial 
maze appears to be especially suitable (Olton et al. 1979; Crusio and Schwegler 
2005). This maze allows simultaneous assessment of working and spatial memory. 
Fear conditioning. The fear conditioning task measures an animal’s ability to 
learn and remember an association between an auditory cue and footshock (cued 
fear), or between an environment and footshock (contextual fear). It is widely applied 
for the characterisation of learning and memory in genetically modified mice 
(Schimanski and Nguyen 2004). It was mentioned above that the other category of 
tests measuring fear and anxiety (in addition to the ethological tests) are conditioned 
tests. Fear conditioning is one of those, and therefore, the performance in this test is 
definitely affected by the anxiety level of the animals.  
In the most conventional procedure the mouse first acclimates to the chamber 
for 2-3 min. This is followed by a 30 s presentation of the conditioned stimulus (CS), 
a tone or white noise, which co-terminates with a 2 s footshock of 0.5-1.0 mA 
intensity (unconditioned stimulus, US). A couple pairings of CS and US is usually 
sufficient to learn an association between the stimuli. After a predefined time (usually 
24 h) the mouse is tested for contextual conditioning. It is placed back in the training 
chamber for 3-5 min without presentation of tone or shock. Later, the mouse is placed 
in a different chamber (altered context) and observed for 2-3 min. This is followed by 
the presentation of CS for 2 min. In all phases of the training and testing the animal’s 
activity and freezing behaviour is recorded. Suppression of activity and increased 
freezing in shock context or in response to the CS are taken as indicators of memory. 
The procedure described above is called delay conditioning. Another form, trace 
conditioning, refers to a conditioning protocol where the CS is presented first and the 
US follows after some intervening period. The CS and US are temporally contiguous, 
they occur at regular intervals but never simultaneously. Trace associative learning 
depends on the intact hippocampus (Shors 2004; Beylin et al. 2001). 
Both contextual and cued fear conditioning are sensitive to the lesions of 
amygdala, but contextual fear in rats is also disrupted by hippocampal lesions 
(Phillips and Ledoux 1992). The contribution of hippocampus to the contextual 
conditioning in mice, however, is not so clear. Evidence exists for complete 
abolishment of freezing after hippocampal lesion (Chen et al. 1996). However, it has 
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been also shown, that the memory about context is either not affected by hippocampal 
lesions (Cho et al. 1999), or the impairment is only partial (Gerlai 1998; Logue et al. 
1997). Furthermore, it appears that at least some mouse strains exhibit generalised 
freezing and a substantial transfer effect between shock and altered context (Gerlai 
1998; Radulovic et al. 1998; Stiedl et al. 1999).   
Conditioned taste aversion (CTA). CTA, a well established learning and 
memory paradigm in rats and mice, is considered to be a special form of classical 
conditioning (Chambers 1990; Welzl et al. 2001). Animals learn to associate novel 
taste with nausea (induced by treatment) and develop a conditioned reaction, 
expressed as an avoidance of a particular taste. Sweet solutions (sucrose, saccharin) 
are most commonly applied as conditioned stimuli. Ingestion of a sweet substance is 
followed by administration of a nausea-inducing treatment. A number of different 
drugs (e.g. amphetamine, apomorphine, nicotine) can elicit CTA, but the most 
common compound used as the US is lithium chloride (LiCl). Systematically injected 
LiCl induces nausea by activating vagal and splanchnic afferent nerves (Niijima and 
Yamamoto 1994). Subsequent choice test between water and saccharin is used to 
assess avoidance, and suppression of saccharin drinking is the measure of associative 
learning. Investigation of the involvement of the amygdala and hippocampus in CTA 
has, however, produced inconsistent results. Despite that, the test is gaining popularity 
in the assessment of memory in genetically modified mice (Welzl et al. 2001). 
Clear differences exist between the inbred strains regarding their learning 
abilities. Moreover, the strain distributions can be different depending on the type of 
memory studied or the test used for assessment. For example, the DBA/2 mice have 
been reported to be poorer than the B6 mice in the spatial water maze and contextual 
fear conditioning tests, equal to the B6 in radial-maze task, and better than the B6 in 
the one-way and two-way avoidance tasks (Crawley et al. 1997). Representative 
testing of inbred strains and F1 hybrids in the water maze and fear conditioning tasks 
has been carried out by Owen et al. (1997). 
3.5 Extracellular matrix (ECM) proteins, cell adhesion molecules and 
proteoglycans in the nervous system 
Initially, ECM molecules of the nervous system were recognized as important 
constituents of the neuromuscular junction, owing to their ability to induce 
accumulation of postsynaptic acetylcholine receptors and presynaptic proteins. 
Interactions between cells and the extracellular matrix have critical roles in neural 
development and regeneration. Recent data support the involvement of ECM 
molecules in the modulation of synaptic plasticity and behaviour (Dityatev and 
Schachner 2003). The available experimental evidence suggests that ECM 
components affect synaptic plasticity through interactions with cell surface 
recognition molecules, ionotropic and metabotropic receptors and ion channels. 
Moreover, ECM molecules might also shape synaptic plasticity through regulation of 
organelle trafficking, and by imposing diffusion constraints for neurotransmitters and 
trophic factors. Much more evidence, however, exists indicating the role of cell 
surface adhesion molecules [cadherins, immunoglobulin superfamily proteins, 
selectins, integrins (Hynes 1999)] in synaptic plasticity and memory (Schachner 1997; 
Schachner 1994; Fields and Itoh 1996; Murase and Schuman 1999). 
Proteoglycans are a heterogeneous class of proteins bearing sulphated 
glycosaminoglycans. They are grouped into families such as the syndecans, the 
glypicans, and the hyalectans (lecticans). Proteoglycans can be found in the ECM, at 
cellular surfaces and intracellularly. Proteoglycans are proposed to influence cell-
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environment interactions by binding to growth factors, matrix ligands, and cell 
surface molecules. Increasing evidence suggests that proteoglycans can act as 
regulators of synaptogenesis and plasticity (Hartmann and Maurer 2001; Bandtlow 
and Zimmermann 2000). A complex interplay between ECM molecules, cell adhesion 
molecules, and proteoglycans occurs in the nervous system (Hynes 1999; Benson et 
al. 2000). 
3.5.1 Heparin-binding growth associated molecule and N-syndecan 
HB-GAM (heparin-binding growth-associated molecule) is a secreted 18 kD 
protein that binds to heparan sulphate-containing proteoglycans of the cell-surface and 
extracellular matrix (Rauvala 1989). HB-GAM is also known as pleiotrophin (Li et al. 
1990) or heparin-binding neurite-promoting factor (Kretschmer et al. 1991). HB-
GAM has been implicated in the regulation of neurite outgrowth, axonal guidance and 
synaptogenesis in vitro (Rauvala and Peng 1997). The expression of HB-GAM peaks 
around one-two weeks postanatally and continues to be expressed in adulthood in 
some cells (Rauvala et al. 1994). In adults, the expression of HB-GAM is limited to 
certain neuronal subpopulations, including the pyramidal neurons of the hippocampus 
(Wanaka et al. 1993). In the hippocampus, HB-GAM expression is activity-dependent 
and increases after high-frequency stimulation (Lauri et al. 1996) or chemically 
induced seizures (Wanaka et al. 1993). 
 HB-GAM binds with high affinity to N-syndecan, a transmembrane heparan-
sulfate proteoglycan (Carey et al. 1992) which is spatiotemporally co-expressed with 
HB-GAM (Nolo et al. 1995; Raulo et al. 1994). Moreover, the expression of N-
syndecan is also activity-dependent (Lauri et al. 1999). In addition to N-syndecan, 
HB-GAM binds to receptor-like protein tyrosine phosphatase ζ/β – RPTPζ/β that is 
expressed abundantly in the brain as a chondroitin sulphate proteoglycan (Maeda and 
Noda 1998; Maeda et al. 1996). 
Based on the localisation, expression and function of HB-GAM and N-
syndecan it was conceivable to suggest their role in hippocampal plasticity and in 
hippocampally mediated cognitive functions. The most convenient way to address 
these questions was to use genetically modified mice. 
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4. Aims of the study 
 
The initial aim of my studies was the behavioural characterisation of 
genetically modified mouse lines bearing mutations in HB-GAM and N-syndecan 
genes. I began the studies with the HB-GAM transgenic mice in a pure FVB 
background. The initial water maze experiment showed that neither transgenic nor 
control mice were able to learn spatial or cued navigation. This observation caused me 
be interested in determinants of mouse behaviour in laboratory conditions.  
The first issue was to establish the battery of tests for behavioural screening of 
mutant mice. The battery has been a subject of modification and update throughout 
the study period according to the specific needs and recent developments on the field. 
Next I wanted to compare commonly used inbred strains and their F1 hybrids. 
The selection (C57BL/6J, 129S2/Sv, FVB/N, 129B6, 129FVB) contained the strains 
that have been used in the production of genetically modified mice. In addition to 
strain differences, I also addressed sex differences by comparing the male and female 
mice. 
It was reasonable to expect that extensive testing in the battery can modify the 
behaviour of mice. Therefore, the next study was designed to give insight into the 
effect of test history when experienced mice were compared to test-naïve animals. 
The animals selected for this experiment were male C57BL/6J and 129S2/Sv mice. 
I was also interested in how individual housing as a commonly used 
environmental manipulation affects the behaviour of mice. The C57BL/6J mice were 
compared with the DBA/2 mice. The DBA/2 mice were selected because they are 
frequently used in behavioural studies and I wanted to gain further insight into the 
behavioural profile of this strain. 
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5. Materials and methods 
 
Detailed descriptions of the materials and methods applied in this work are 
given in the original publications indicated in the parentheses. 
5.1. Behavioural methods 
We chose the order of testing according to the recommendations to first 
conduct the tests that are potentially more susceptible to the handling effect 
(exploratory activity, emotional behaviour), followed by the tests that require 
adaptation to the experimenter and general testing procedures (learning and memory 
tests). In addition, more stressful interventions were left to the end of the battery 
(water maze, forced swimming, conditioned taste aversion). In general, there was an 
interval of 3-4 days between different tests. The animals were weighed weekly and 
observed continuously for general health. The age of the animals in the beginning of 
testing was 10-12 weeks. The mice were housed in groups of 2-5, except in 
publication III, where half of the animals were single housed after 4 weeks of age. 
Open field (I – III) was used to assess the spontaneous locomotor activity in 
novel arena. The basic measures taken were horizontal activity (number of crossed 
squares or distance measured by infrared beam breaks), vertical activity (number of 
rearings), and number of defecations. 
Elevated plus maze (I – III) and light-dark test (I – III) were used as 
ethological models of anxiety. These are classical tests based on conflict between fear 
to the exposed space and tendency to explore novel arena.  
Y-maze (II, III) was applied as an additional tool for assessment of novelty 
induced exploration. In addition, the spontaneous alternation rate, calculated from the 
sequence of arm entries, provided a measure of working memory. 
Hyponeophagia test (III) was applied as an alternative model for assessment 
of anxiety-like behaviour. Mice were food-deprived overnight and familiar food 
pellets were available in novel arena. Latency to start eating was recorded. 
Forced swim test (I – III) was applied for assessment of coping with 
inescapable and stressful situation. Mice were placed in the glass beaker for 6 min and 
the time of immobility was measured during last 4 min. 
Rota-rod (I – III), Beam walking (II), and Coat hanger (II) tests were applied 
for studying motor coordination abilities. In all tests, we measured the time of 
retention on the device. 
Hot plate (II, III) was used for assessment of nociceptive functions. The metal 
surface was heated to 52.5 ºC and we recorded the latency to lick or shake hind paw. 
Fear conditioning (II – V) was used for assessment of contextual and cued 
memory formation. Animals received a foot-shock in a conditioning chamber, this 
was signalled by a tone. Two pairings of tone and shock were used. The next day, the 
animal was returned to the conditioning chamber and observed for 3 min (contextual 
memory). Two to three h later the mouse was placed in the novel chamber and after a 
short adaptation period the conditioning stimulus (tone) was applied (cued memory). 
In all phases of testing we measured the activity (distance travelled) and freezing 
(absence of any movements for more than 3 s). 
Water maze (I – V) was used for assessment of spatial learning and memory. 
Animals were trained to find a hidden platform by swimming and escape latency was 
measured in every trial. After training, the probe trial was performed where the escape 
platform was not available and the swimming path was recorded for further analysis 
of swimming strategy. After initial training the location of the platform was changed 
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to the opposite quadrant of the maze and training was repeated. After completing the 
spatial training, we performed trials with a visible platform.  
Novel object recognition (III) was applied as an alternative model for testing 
hippocampus-dependent memory. The mice were placed in the arena containing two 
identical objects and we recorded exploration time of these objects. The next day, the 
animals were returned to the arena where one of the objects was replaced by a novel 
one. The exploration time was recorded again and we calculated the preference 
towards the novel object. 
Conditioned taste aversion (II, V) was used as an additional conditioning 
procedure with different modalities involved. Animals were deprived of water and 
adapted to drink water in two sessions per day. On the conditioning day, the animals 
were offered saccharin solution instead of water. One hour after drinking the sweet 
solution, they were injected intraperitoneally with lithium chloride to induce 
gastrointestinal discomfort. Twenty four or 48 h later the animals were offered a 
choice test between water and saccharin. Reduced consumption of saccharin was a 
measure of successful conditioning. 
 
5.2. Production of genetically modified mice 
 Three different mutant lines were used in this work (IV-V). The production of 
HB-GAM transgenic mice is described in publication IV. The FVB/NHsd strain was 
used for initial generation of the mice. For behavioural experiments we used the 
hemizygous transgenic animals and wild type littermates of the F1 generation in 
FVB/NHsd x 129S2/SvHsd hybrid background. The number of animals tested was 23 
transgenic mice (14 males and 9 females) and 23 wild type control mice (10 males 
and 13 females). 
 The production of HB-GAM knockout mice has been described previously 
(Amet et al. 2001). Chimeric male animals were mated with 129S2/SvHsd females 
and a coisogenic mutant line was established by heterozygote sibling breeding for 12 
generations (IV). For behavioural experiments we used 25 knockout (11 males and 14 
females) and 29 wild type mice (16 males and 13 females). 
 The production of N-syndecan knockout mice is described in publication V. 
The animals for behavioural studies were in 129S2/SvHsd x C57BL/6JHsd hybrid 
background. We used 31 knockout (17 males and 14 females) and 29 wild type (16 
males and 13 females) mice. 
 The experiments were carried out blind with regard to the sex and genotype of 
the mice. As males and females were used in these studies, the initial analysis 
addressed the effect of sex. As this factor did not show significance in any case, the 
data of both sexes were pooled for the genotype.  
5.3. In vitro electrophysiology in hippocampal slices from transgenic mice 
 Electrophysiological experiments were done using transverse hippocampal 
slices (IV-V). Recordings were made from the CA1 area of hippocampus. Field 
excitatory postsynaptic potentials from stratum radiatum were elicitied by stimulation 
of Schaffer collaterals. High-frequency and low-frequency stimulation trains were 
applied to elicit long-term changes in the efficacy of synaptic transmission. 
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6. Results and discussion 
6.1 Assessment of sex and strain differences in mouse behaviour – guidelines for 
behavioural screening of genetically modified mice (I, II, III).  
The aim of our first study was to carry out behavioural characterisation of 
three common inbred strains and two F1 hybrid lines, relevant for genetic engineering 
in mice. In addition to strain differences, we were interested in the effect of sex. 
Moreover, the purpose was to establish the battery of tests for initial behavioural 
screening. 
Interestingly, the main effect of sex was not significant for any parameter 
measured in the battery. Frequently revealed significant interactions between strain 
and sex, however, indicate that that the effect of sex on behaviour may be genetically 
determined and moreover, the observed effects depend on the test applied. The 129B6 
males displayed significantly higher anxiety-like behaviour than females in the 
elevated plus maze. In the light-dark test the FVB males were significantly less active 
than females. The 129 males were more active than the 129 females in the open field 
test. No difference, however, between sexes or interaction between sex and strain was 
revealed in the spontaneous activity test. The performance of the 129 females in the 
rota-rod test was significantly worse than in the 129 males. The FVB female mice 
displayed less floating than males in the forced swim test. 
Significant strain differences were established in all tests (Figures 5 and 6). 
Briefly, the 129 and 129B6 mice displayed the highest anxiety-like behaviour, the 
FVB mice exhibited hyperactivity in all tests, and the BL6 and 129B6 groups 
displayed the best motor abilities in the rotarod test. The hybrid strains (129B6 and 
129FVB) were scored with the most floating in the forced swim test and as the best 
groups regarding spatial memory in the water maze. The latter finding is in good 
agreement with the effect of hybrid vigor. 
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Figure 5. Strain differences in exploration tests (elevated plus maze, open field, light-dark 
box). The data are expressed as group means ± standard error of mean. a) latency to first 
open arm entry in the plus maze; b) percentage of time spent on the open arms; c) horizontal 
activity in the open field; d) vertical activity in the open field; e) percentage of time spent in the 
light compartment of light-dark box; f) number of transitions between light and dark 
compartment; g) distance travelled during 30 min of spontaneous activity test  
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Figure 6. Strain differences in rotarod, forced swim and water maze tests. The data are 
expressed as group means ± standard error of mean. a) latency to fall from the rod (constant 
speed, 15 rpm) in the first and fourth trials; b) percentage of immobility displayed during last 
four minutes in the forced swim test; c) escape latency in the hidden and visible platform 
tasks in the water maze; d) preference score for the trained platform location in the water 
maze probe trial 
 
 
 
 
 
In publications II and III the strain was one of the independent variables. The 
B6 male mice were tested against the 129 (II) and DBA (III) strains. The comparisons 
showed that the B6 mice displayed lower anxiety-like behaviour than the 129 and 
DBA mice. In the hyponeophagia test, however, the DBA mice showed shorter 
latency to eat the food in unfamiliar environment, suggesting reduced anxiety in this 
test. The B6 mice were less active than the DBA and more active than the 129 mice in 
the spontaneous activity test. The floating in the forced swim test was enhanced in the 
129 mice and reduced in the DBA mice as compared to the B6. The latency to the 
nociceptive response in the B6 strain in the hot plate test was shorter than in the 129 
and DBA mice.  
The B6 mice also displayed better coordination in the rotarod test than both 
the other strains. The conditioned taste aversion test showed increased avoidance 
behaviour in the B6 mice compared to the 129 mice. The B6 mice were also better 
than the DBA mice in the novel object recognition test. The fear conditioning was 
clearly enhanced in the B6 mice compared to the DBA strain, but reduced in 
comparison to the 129 mice. The differences in the spatial learning and memory in the 
water maze were not as striking. The B6 mice appeared to learn the spatial location of 
the hidden escape platform slower than the 129 mice, but eventually the two strains 
were similar in remembering the initial and relearning the new location. The DBA 
mice displayed increased escape latency during the learning of a spatial task, and a 
slightly reduced performance as compared to the B6 mice in the first probe trial. 
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Moreover, after reversal learning the DBA mice displayed enhanced preference to the 
old location.     
In summary, genetically different mouse lines exhibited substantially different 
behavioural phenotypes. Moreover, testing mice in the cluster of tests assessing a 
certain behavioural domain did not necessarily produce uniform strain distributions. 
We argue that there is no one strain that is equally suitable for all behavioural assays, 
and testing genetically modified mice in different backgrounds is desirable in order to 
learn more about the genetic effects on the behaviour. 
6.2 How does repeated handling and testing modify mouse behaviour (II)? 
In this study we used the C57BL/6J and 129S2/Sv male mice. In each test, the 
age-matched naïve animals from both strains were compared to the handled and test-
experienced mice. The results are summarized in the Table 1. In general, the 
significant main effect of the test history suggests that the experience clearly reduced 
locomotor and exploratory activity and emotional reactivity in the mice. Moreover, 
floating time in the forced swim test and latency to nociceptive response in the hot 
plate test was substantially longer in the previously tested mice. Interestingly, 
experienced mice displayed reduced memory scores in the contextual fear 
conditioning and conditioned taste aversion paradigms, but spatial memory in the 
water maze was not affected.  
For several parameters we established a significant interaction between strain 
and test history. This indicates that the modifying effect of experience can be strain-
dependent. For instance, the B6 battery mice displayed significantly augmented 
anxiety-like behaviour in the plus maze test whereas the behaviour of 129 mice was 
mainly unaffected. The light-dark test did not, however, show any significant 
difference between experienced and naïve mice. Therefore, the effect of test history 
may depend on the test applied. Previous handling and testing appeared to improve 
coordination ability in the 129 strain. The cued fear conditioning was not affected in 
the 129 strain, but was enhanced in the experienced B6 mice. 
 
Table 1. Behavioural alterations in the B6 and 129 mice induced by repeated handling and 
testing. (↑ - increased / enhanced / improved performance; ↓ - decreased / reduced / impaired 
performance; − - no significant change) 
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6.3 What are the consequences of long-term individual housing for mouse 
behaviour (III)? 
In this study we used the C57BL/6J and DBA/2 male mice. Comparison 
between group-housed and single-housed (since the age of 4 weeks for 7 weeks 
before the testing began) mice occurred. The results are summarized in the Table 2. 
The first finding from this study was that individual housing resulted in significant 
hyperactivity. This was consistent for both strains. However, the results from the 
exploration-based anxiety models showed significant interaction between strain and 
housing condition. In the plus maze, both strains displayed reduced anxiety-like 
behaviour, but it should be noted, that enhanced activity could be a confounding 
factor. The behaviour of single-housed B6 mice did not differ from their group-
housed counterparts in the light-dark and novel cage tests, whereas, the isolated DBA 
mice displayed increased anxiety. Finally, the isolated mice of both strains showed 
increased anxiety in the hyponeophagia test. 
Nociception, assessed in the hot plate test, appeared not to be sensitive to the 
individual housing. Coordination abilities appeared to depend on the strain – B6 
isolated mice performed better and DBA isolated mice performed worse than group-
housed control mice. The floating time, as a measure of behavioural despair, in the 
forced swim test was not affected in the B6 mice, but was reduced in the DBA mice.  
Finally, social deprivation clearly affected learning and memory performance 
in both strains in a similar way. First, habituation was significantly reduced in isolated 
mice in several tests in which activity was recorded (novel cage, Y-maze, object 
recognition). Moreover, reduction in fear conditioning (both contextual and cued) and 
novel object recognition provided further evidence of impaired memory. On the other 
hand, spatial memory assessed in the water maze was not impaired in isolated mice. 
Therefore, some forms of memory are more vulnerable to social deprivation.  
 
Table 2. Behavioural alterations in the B6 and DBA mice induced by long-term individual 
housing. (↑ - increased / enhanced / improved performance; ↓ - decreased / reduced / 
impaired performance; − - no significant change) 
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6.4 HB-GAM and N-syndecan in the regulation of mouse behaviour (IV, V).  
For behavioural experiments the HB-GAM transgenic mice were bred in the 
FVB x 129S2/Sv F1-hybrid background. The HB-GAM knockout line was 
backcrossed to inbred 129S2/Sv strain and N-syndecan knockout mice were in the 
129S2/Sv x C57BL/6J hybrid background.  
In all lines the basic behavioural characterisation was carried out and it 
appeared that all mice were viable, healthy, and displayed no overt sensory or motor 
abnormalities (tested with hot plate, rotarod, activity cages). Significant differences 
were, however, established in the anxiety-like behaviour and hippocampus-dependent 
memory tasks. We did not establish any notable sex-related alterations and the data of 
males and females were pooled for the given genotype. The results are summarized in 
the Table 3. 
The effect of genetic manipulation on LTP and memory was evident in all 
mouse lines. LTP, recorded from the CA1 area of the hippocampus was enhanced in 
the HB-GAM and N-syndecan knockout mice, but reduced in the HB-GAM 
overexpressing mice. 
Learning in the water maze was facilitated in the HB-GAM overexpressing 
mice – they showed a higher preference to the trained location in the first and second 
transfer tests (IV: Figure 3). On the other hand, HB-GAM and N-syndecan knockout 
mice displayed reduced ability to learn the platform location as suggested by 
increased escape latency and lower preference in the first transfer test (IV: Figure 4; 
V: Figure 6).  
Memory was further studied by using the fear conditioning paradigm. The 
HB-GAM transgenic mice displayed reduced freezing in the presence of a cue, but 
this could also be explained by a general reduction in fearfulness as assessed in the 
elevated plus maze (IV: Figure 6). On the other hand, HB-GAM knockout mice 
showed a reduced contextual fear in the fear conditioning experiment while being 
more anxious in the elevated plus maze (IV: Figure 6). The N-syndecan mice showed 
similar reduction in contextual fear conditioning, but did not display changes in 
anxiety-like behaviour (V: Figure 7; V: Table 1).  
 
 
Table 3. Effects of genetic manipulation of HB-GAM and N-syndecan in mice: long-term 
potentiation, memory and anxiety-like behaviour. (↑ - increased / enhanced / improved 
performance; ↓ - decreased / reduced / impaired performance; − - no significant change) 
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7. General discussion 
By the end of the last decade the application of transgenic methods had 
achieved a firm position in the basic biological science. It has become clear though 
that we need more data on the behavioural profiles of the inbred mouse strains 
(Crawley et al. 1997) and on the factors that modify or confound the results (Crabbe 
et al. 1999; Chesler et al. 2002a). Obviously, the analysis of higher brain functions 
using applied behavioural methods is open to various interferences and the published 
testing protocols often cannot be used without in-house validation. Therefore, we 
entered the field of behavioural genetics with a wider project than only testing 
knockout mice. The experiments carried out in the frame of my thesis work were 
inspired by recent developments in behavioural genetics and addressed the problems 
associated with behavioural phenotyping of genetically modified mice. We confirmed 
and extended the differences between inbred strains of mice by applying a wide range 
of tests assessing emotional behaviour, sensory abilities, and learning performance 
along with considering a few environmental factors (publications I-III). Furthermore, 
the established approaches and baseline values have been useful for behavioural 
characterisation of several genetically altered mouse strains (publications IV-V; 
Tornberg et al. 2005; Voikar et al. 2004; Koponen et al. 2004; Rossi et al. 2003; 
Voikar et al. 2002; Koponen et al. 2005; Lindfors et al. 2006).  
7.1 General considerations for the design of behavioural experiments 
Biomedical research increasingly uses rodents. The scientists, however, have 
to find a compromise between their needs and limitations. One limiting factor is 
economical, because there is an increased need for space for animals and the expenses 
for producing and keeping the mice are also increasing, but the budgets are often 
limited (Knight and Abbott 2002). Another point is ethical, because the principle of 
three R’s (reduction, refinement, replacement) should be followed (Russell and Burch 
1959). Therefore, efforts have to be made to use fewer animals more efficiently. 
However, understanding and considering all possible confounding factors is essential. 
A typical experiment with transgenic or knockout mice requires at least two 
groups of test animals, mice with a gene modification and control (wild type) 
littermates. A reasonable group size, allowing meaningful statistical interpretations, is 
usually 10 mice. Good practice, however, requires that the results are confirmed in 
another cohort of mice. Moreover, the sex should always be considered as an 
important independent variable (Crawley 2000) and this doubles the number of 
animals needed (10 per sex per genotype). If there is no evidence of a significant sex 
effect the data could be pooled, but even then a balanced final composition of the 
groups (equal number of males and females) is desirable. 
7.2 Males and females 
In the first study we addressed strain and sex differences in several inbred 
strains. First, it may be important to distinguish between the words ‘sex’ and ‘gender’ 
that have often been used as synonyms in scientific literature (Haig 2000; Kelly et al. 
1999; Goodhart 1992; Pearson 1996). Sex differences represent the biological 
differences between males and females that include genetic, hormonal, reproductive, 
and physical differences. In contrast, gender differences describe variability between 
men and women that is attributable to environmental influences such as society, 
culture, or history. 
Although there was already a considerable amount of information available on 
strain differences (Crawley et al. 1997), the effect of sex had often been neglected and 
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the studies addressing the sex as a principal factor have reported rather contradictory 
findings. Moreover, it is often already suggested at the textbook level to use the male 
animals for behavioural experiments in order to avoid the possible effects due to the 
oestrous cycle and hormonal fluctuations in females. On the other hand, many 
diseases and syndromes in humans show different incidence between the sexes. 
Anxiety disorders and depression affect females more than males. Therefore, 
there is no reason to omit female mice from the basic studies concerning these 
disorders. In animal models of anxiety and depression the differences, however, are 
not so straightforward. It has been suggested earlier that female rodents might display 
higher basal levels of fear/anxiety/defence than males (Blanchard et al. 1991; Archer 
1977). Many contradictory findings have, however, been presented since that. For 
example, Johnston and File (1991) found that in three tests of anxiety the female rats 
showed reduced anxiety in the plus maze, higher anxiety in the Vogel conflict test, 
and no difference between sexes was observed in the social interaction tests. 
Moreover, Rodgers and Cole (1993) showed that the DBA/2 male mice were less 
anxious than the females in the plus maze, whereas no sex difference was revealed in 
the T1 strain. Therefore, the test situation and genetic background clearly interact with 
anxiety level exhibited by male and female rodents. In line with this statement, 
several studies have shown strain- and test-specific differences in anxiety-like 
behaviour (Tarantino et al. 2000; Cook et al. 2002). Obviously, these findings 
highlight the need to study anxiety-like behaviour in both sexes of genetically 
modified mice. Several examples are already available in which the phenotypic effect 
of the knockout is determined by the sex (Walther et al. 2000; Abramov et al. 2004; 
Ramboz et al. 1998). Our finding of reduced anxiety-like behaviour in the 129B6 
female mice (publication I) might be especially relevant because most of the knockout 
mice have this background and it is possible that the flanking genes from the 129 
strain (Gerlai 1996) have some sex-specific effects on anxiety-like behaviour. On the 
other hand, N-syndecan knockout mice in the 129B6 hybrid background assessed in 
our work (publication V) did not show any sex-specific differences.  
Many studies have shown better spatial learning in males than in females 
(Jones et al. 2003). The sex differences regarding learning and memory in rodents are, 
however, not consistent. First, it should be emphasized again that significant species 
differences exist regarding the effect of sex on learning and memory (Jonasson 2005). 
Furthermore, a number of factors have been identified that influence performance in 
spatial tasks differently in males and females. These factors include rearing and 
housing conditions (Juraska et al. 1984; Lambert et al. 2005), age (Frick et al. 2000a), 
specific task parameters (Roof and Stein 1999) and the memory type assessed 
(Bimonte et al. 2000; Frick and Gresack 2003; Gresack and Frick 2003). Even 
feeding conditions are implicated in sex differences in spatial memory (Takase et al. 
2005b; Takase et al. 2005a). In addition, the specific tasks and test protocols may 
affect the motivational or psychological states of the sexes differently (Jonasson 
2005). 
Hormone fluctuations across the oestrous cycle can lead to behavioural 
changes that may be related to emotionality and anxiety, or learning and memory and 
account for inconsistent findings between males and females (Palanza 2001; Jonasson 
2005; Maguire et al. 2005). Several studies that have assessed differences in large sets 
of inbred strains with both males and females involved have, however, not been able 
to show significant sex differences (Solberg et al. 2006; Willott et al. 2003). 
Therefore, it seems that although behavioural variations due to the oestrous cycle can 
be demonstrated, the sex differences in behaviour are frequently absent or minimal 
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when the oestral stage is not the primary variable in an experiment. This fact does not, 
however, discount the importance of hormonal effects on the behaviour. Perhaps in 
future studies with female mice the detection of the phase could be one of the 
essential measurements shown in the data analysis. 
In summary, the use of female mice in basic studies should be encouraged in 
order to address sex-specific variations in the behaviour and moreover, to find 
possible correlations with human disorders that are more prevalent either in males or 
females.  
7.3 Strain differences 
The strain differences that we established in our study regarding exploratory 
and emotional behaviour, motor abilities, and learning were mostly in agreement with 
previously published data. It should, however, be noted that successful repetition of 
strain rankings depends critically on the experimental parameters and protocols 
(Wahlsten et al. 2005; Wolff et al. 2002; Van Dam et al. 2006; Wahlsten et al. 
2003a). 
The first discussions about the importance of genetic background in 
behavioural studies with knockout mice highlighted the poor performance of the 129 
mice in the behavioural tests (Gerlai 1996). It has later been shown, however, that 
poor learning is dependent on the substrain used and that certain substrains of 129 are 
equal to or even better than a ‘standard’ B6 strain (Montkowski et al. 1997; Cook et 
al. 2002; Contet et al. 2001a). On the other hand, it is clear that for anxiety-related 
phenotypes the 129 background is not good due to the high baseline anxiety (Holmes 
et al. 2003; Contet et al. 2001b), but it may be useful for testing anxiolytic drugs.  
Valuable information was gained by testing two hybrid groups. Interestingly, 
anxiety-like behaviour in 129B6 mice was similar to the 129 strain (resembling 
enhanced anxiety) whereas the 129FVB mice were closer to the FVB mice (reduced 
anxiety). In the other tests, however, the profiles were changed, e.g. both hybrid lines 
displayed higher immobility than any inbred strain in the forced swim test. The effect 
of hybrid vigour was evident in the water maze, where 129B6 and 129FVB mice 
learned to locate the hidden platform significantly faster. Therefore, it is not possible 
to predict the behavioural phenotype of hybrid mice from the behavioural pattern of 
parent strains. 
From our studies it also becomes evident that conclusions about complex 
behaviours should consider interplay between various behavioural domains. For 
example, the interpretation of the fear conditioning task requires consideration of 
memory, anxiety and sensory thresholds. Increased freezing could indicate enhanced 
memory or increased anxiety. The B6 mice were shown to exhibit lower anxiety 
levels than 129 or DBA mice in the ethological models of anxiety. The B6 mice, 
however, displayed less freezing than 129 and more freezing than DBA mice in the 
contextual fear paradigm. Therefore, it is possible to speculate that increased freezing 
in the 129 mice may be due to higher baseline anxiety, whereas reduced freezing in 
the DBA mice is caused by defective hippocampal memory.  
7.4 Repeated testing – effect of test history 
Next we studied the consequence of two environmental manipulations, 
applying the extensive battery of the behavioural tests in specified order (publication 
II) and individual housing (publication III). The use of test batteries has gained great 
attention in recent years due to the increase in the number of transgenic mouse lines 
and the need for careful behavioural phenotyping of these lines (Tecott and Nestler 
 42
2004). The consequences of such extensive testing are, however, not well known. It 
has been convincingly shown that repeated testing of the mice in the elevated plus-
maze certainly changes the behaviour in later trials as compared to the first experience 
(File et al. 1993; Espejo 1997; Rodgers and Shepherd 1993). Most information on 
test-retest reliability has been derived from the models of exploratory behaviour and it 
is strongly suggested to use the animals only once in the given apparatus (Belzung 
1999). However, as the exploration is triggered off by novelty, then it is possible that 
a repeated testing procedure per se (moving animals to the testing room, handling, 
placement in the arena) interacts with rewarding properties of the novel arena and 
animals display less exploratory behaviour in every subsequent test. This would be in 
agreement with our study (publication II) where the mice naïve to the testing 
displayed higher exploratory behaviour in several tests. The effect of test history was 
also studied by McIlwain et al. (2001), who found that the naïve mice responded 
differently in the open-field, rotarod, and hot plate tests, but behaved similarly in the 
prepulse inhibition and conditioned fear tests. The order of the tests was addressed in 
the same study and in fact, very minor effects of the test order were established. The 
general approach and suggestion is, however, to conduct the tests that are less 
invasive and more sensitive to handling effects first (Crawley and Paylor 1997). From 
our experiment it appears that the plus-maze was especially sensitive to previous 
experience and if included in the battery should always be carried out as the first test. 
On the other hand, the learning and memory tests are usually carried out towards the 
end of the test battery. The adaptation to the experimenter and the testing procedures 
should reduce the stress in mice, because stress has been shown to impair 
performance in memory tests (Holscher 1999). 
The interval between tests is another important factor that might affect the 
behaviour in the battery of tests and this issue was addressed recently by Paylor et al. 
(2006). It appears that there was no major difference in performance between mice of 
the standard test battery (intertest interval 1 week) and the rapid test battery (interval 
1-2 days). A rather short battery was, however, used with only six tests performed. In 
fact, we have had intervals of around 3-4 days between the tests in a much more 
extensive battery. It would, of course, have some important consequences if the 
intervals between the tests could be shortened to 1-2 days. Reduction of time needed 
to perform the test battery would result in significant savings of time and money. In 
addition, the effect of aging could be avoided more effectively. 
7.5. Individual housing 
Mice are considered to be social animals and it is not recommended to keep 
them individually housed (Van Loo et al. 2004; Van Loo et al. 2003). Despite that, 
the mice have often been single housed in behavioural studies. The reasons might be 
different, but most commonly it is due to the fighting problems between male mice or 
required by the experimental design. Obviously, the isolation should have some 
consequences on the behavioural functions and the theory of ‘isolation syndrome’ in 
mice was proposed by Valzelli (1973). On the other hand, Brain (1975) suggested that 
isolation per se does not constitute a stress in mice, and experiments involving 
physical isolation in laboratory rodents are unlikely to provide good models for the 
effects of ‘social deprivation’ in man. Moreover, isolation could be applied at 
different periods of animal’s life – accordingly isolation-rearing (from weaning) or 
isolation-housing (in adult animals) can be distinguished and the effects of these 
approaches can be different. The behavioural consequences of isolation-rearing seem 
to be more serious than of isolation-housing (Weiss and Feldon 2001). Evidence 
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exists that isolation has different effects in male and female rodents (Weiss et al. 
2004; Palanza 2001; Palanza et al. 2001) and the effect of sex can be genotype-
dependent (Abramov et al. 2004). Therefore, further studies are needed for better 
understanding of interactions between sex and strain in the behavioural effects of 
social deprivation.  
The main finding from our study was that isolation induced hyperactivity, 
reduced habituation, and impaired memory in male mice. The cage enrichment has 
been a recent topic of discussion and it has been shown that mice prefer social 
contacts over enrichment (Van Loo et al. 2004). The mice, however, are willing to 
work for access to nesting material and prefer a more complex cage to the standard 
cage (Olsson and Dahlborn 2002). Social housing could be viewed as one form of 
enrichment. In addition, all mice in our study (isolated and group-housed) had nesting 
material as an enrichment, but it would be interesting to see whether the access to 
nesting material compensated some effects of isolation. The evidence for possible 
compensation exists (Kim and Kirkpatrick 1996). This may further validate the 
application of social deprivation as a model for psychiatric disorders.  
7.6 HB-GAM and N-syndecan in synaptic plasticity and behaviour 
HB-GAM and N-syndecan were previously shown to be expressed in an 
activity-dependent manner (Lauri et al. 1999; Lauri et al. 1998; Lauri et al. 1996). 
Moreover, the expression of HB-GAM and N-syndecan is developmentally regulated 
with a peak during the perinatal period. The major role of HB-GAM during 
development is regulation of neurite outgrowth and guidance. HB-GAM and N-
syndecan are still coexpressed in the hippocampus of adult animals. Therefore, in the 
studies with genetically modified mice we focused on the hippocampal plasticity and 
cognitive functions. Indeed, in all mutant lines significant phenotypic changes were 
revealed in LTP and learning and memory. 
We found interesting dissociations between LTP and memory phenotypes. 
Namely, the enhancement of LTP in N-syndecan and HB-GAM knockout mice was 
accompanied by reduced performance in learning and memory tests, whereas 
reduction of LTP in HB-GAM overexpressing mice was associated with better 
learning. Few observed similar discrepancies were available at the time of publication 
of these data. By now, however, several studies show that in genetically modified 
mice all combinations of changes in LTP and memory are possible (Sweatt 2003). 
This highlights the fact that there is a long way from a hippocampal slice to animal 
behaviour. On the other hand, it confirms that changes in hippocampal plasticity can 
be reflected in the behaviour of animals, although unpredictably in several cases. 
Moreover, most of the studies with null mutant mice have shown impaired or reduced 
LTP phenotype. Our findings suggest that HB-GAM is a suppressor of LTP, and it is 
evident that stabilizing or suppressory mechanisms are importantly involved in the 
regulation of synaptic plasticity (Abel and Kandel 1998).  
Two receptors exist that could mediate the effects of HB-GAM, N-syndecan 
and RPTPζ/β. Binding of HB-GAM to N-syndecan leads to phosphorylation of the 
src-family kinases c-Src and Fyn and the Src-substrate cortactin (Kinnunen et al. 
1998). Fyn-kinase deficient mice display impaired LTP and memory (Grant et al. 
1992), and enhanced fear response (Miyakawa et al. 1996; Miyakawa et al. 1994). 
Even more interesting phenotypic similarities have been revealed by the studies 
investigating the receptor protein-tyrosin phosphatases (Johnson and Van Vactor 
2003; den Hertog et al. 1999; den Hertog 1999). The mice lacking RPTPζ/β (Niisato 
et al. 2005) or PTPδ (Uetani et al. 2000) displayed enhanced LTP along with 
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impaired learning, PTPα-deficient mice showed impaired learning and decreased 
anxiety (Skelton et al. 2003). Receptor protein-tyrosine phosphatases may bind to 
different classes of ligands, but the intracellular signal transduction pathways are not 
yet well established, although evidence exists for involvement of src-family kinases 
and PKC-δ (Johnson and Van Vactor 2003). 
Considering the structural hypothesis of LTP the finding that so many 
extracellular matrix proteins and cell adhesion molecules have been implicated in the 
synaptic plasticity and memory is expected (Lisman 2003; Fields and Itoh 1996; 
Dityatev and Schachner 2003; Sanes and Lichtman 1999; Yuste and Bonhoeffer 
2001). Moreover, it appears that the genetic manipulation of these proteins reveals 
further roles they may play in other forms of neuroplasticity and behaviour.  
 
7.7 Conclusions and future directions 
Practical achievement has been the establishment of new laboratory for 
behavioural profiling of genetically modified mice. The repertoire of available tests in 
our laboratory allows assessment of various behavioural domains (e.g. emotional 
behaviour, learning and memory, sensory functions), thereby providing a 
comprehensive approach to evaluating the newly generated mutant mice. We 
demonstrated significant differences in the behaviour of commonly used mouse 
strains. Knowing the behavioural profiles of the background strains used for 
maintenance of mutant lines is of significant importance in interpretation of the 
results. Moreover, inbred strains with known behavioural profiles can be used as 
calibrators and validators for the tests used in the laboratory. Furthermore, we showed 
that sex, test history and housing conditions are factors that have to be considered in 
the design of the experiments and analysis of the data. The effects of these factors, 
however, are often unpredictable and depend on specific strain and task. We propose 
that initial screening of new mutants starts from the assessment of anxiety-like 
behaviour followed by testing the sensory abilities. Learning and memory tests are 
better to conduct in the animals already habituated to the handling and testing 
procedures. We recommend that the most stressful tasks (e.g. forced swim test) be left 
for the end of the battery. 
The mutant mice lacking or overexpressing extracellular matrix protein HB-
GAM or lacking its receptor N-syndecan were screened for behavioural phenotype. 
We established significant disturbances in learning, memory, and anxiety-like 
behaviour in mutant mice compared to wild-type control groups. 
We believe that there is still a continuous need for basic analysis of mouse 
behaviour in laboratory conditions for feasible and reliable advancement from genes 
to behaviour and from mice to men. New tests could be developed and existing tests 
refined. We want to further elucidate how different housing conditions (social or 
individual, enriched or non-enriched) act on mouse behaviour and how these effects 
are modified by sex. I think that every piece of new information will be welcomed 
because it seems that the mouse remains to be an irreplaceable model organism also in 
the future.  
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